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Summary

Atmospheric mineral dust, primarily emitted by wind erosion from arid and semi-arid
regions, is composed of a variety of mineral particles exhibiting distinct composition,
shape, and size. The wide range of diameters exhibited by dust particles, spanning
more than three orders of magnitude, partly determines their effects within the Earth
System. Dust perturbs climate by absorbing and scattering both shortwave and
longwave radiation. It also influences the distribution and lifetime of clouds and
precipitation by acting as cloud condensation nuclei and ice nucleating particles.
Once deposited to the surface, dust fertilizes ocean and land ecosystems and can
alter snow albedo. Furthermore, dust has implications for agriculture, transportation
and infrastructure, and its inhalation poses risks to human health.

This PhD thesis focuses on dust emission, and especially on the emitted
dust particle size distribution (PSD) and its variability. The thesis has been
conducted within the context of the ERC project “FRontiers in dust minerAloGical
coMposition and its Effects upoN climaTe” (FRAGMENT), which aims to understand
and constrain the global mineralogical composition of dust along with its effects
upon climate. Dust is generated through saltation bombardment and aggregate
disintegration, and less effectively by aerodynamic entrainment. Constraining its PSD
at emission is crucial as it strongly affects the impacts, lifetime and global distribution
of dust. Despite the extensive research performed on this topic over the last years,
there are still substantial gaps in our fundamental and quantitative understanding of
the emitted dust PSD, including its potential variability, its underlying causes and
the fraction of dust with diameter > 10 µm.

This thesis provides new insights into the emitted dust PSD and its variability
based on meteorological, saltation and size-resolved dust concentration measurements
performed during the FRAGMENT dust field campaign that took place in Morocco
in 2019. In particular, the measurements were performed in an ephemeral lake located
in the Lower Drâa Valley of Morocco surrounded by small sand dune fields. Saltation
and dust emission occurred regularly at this location, but in comparison to some
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previous studies in other locations sandblasting efficiency was lower. This is probably
related to the paved sediment that constituted the surface. During the campaign
two types of dust events were identified: regular events and haboobs. Regular events
are linked to the daily cycles of surface winds that are associated to solar heating.
Haboob refers to a type of intense dust storm that occurs when downdrafts from a
convective storm touch the ground, creating a front of dust and sand in its path.

A thorough analysis of the number and mass PSDs of both the concentration
and diffusive flux has been conducted, identifying statistically significant dependencies
of these PSDs upon friction velocity (u∗), wind direction, and type of event (regular
versus haboob). One of the most noteworthy features within the observed variability
of the PSD, which has caused more debate in the literature, is a shift towards
finer diffusive flux PSD with increasing u∗. In this thesis, this feature has been
attributed to a large extent to the effect of dry deposition, which is modulated by the
wind-direction-dependent fetch length, and u∗, although an enhanced fragmentation
of aggregates with u∗ could still play a complementary yet arguably smaller role.

Using a resistance model constrained with field observations to estimate the dry
deposition flux, and thereby also the emitted dust flux, it has been shown that the
deposition flux could represent up to ∼90 % of the emitted dust flux with diameters
> 10 µm and up to ∼65 % of the emitted flux of particles as small as ∼5 µm in
diameter. These results imply that the emitted dust PSD is coarser and its variability
is smaller than that of the diffusive flux PSD. As far as I know, this is the first time
that the effect of dry deposition upon the diffusive flux is identified and quantified
experimentally, supporting recent results based on numerical modelling. It is worth
noting that the influence of dry deposition can invalidate the typical assumption
that the diffusive flux PSD is equivalent to the emitted dust PSD, particularly
when including the particles with diameters > 10 µm, and has consequences on the
evaluation of dust emission schemes and their implementation in dust transport
models.

Another noteworthy feature within the observed variability of the PSD is the
difference in the PSDs associated to haboob events in comparison with regular events.
During the haboobs there is a lower proportion of sub-micrometre particles for
equivalent or higher u∗ intervals, and more dry deposition and variability in the dust
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mass fractions with diameters > 3 µm. The mechanisms proposed to explain this
variability include a smaller and variable efective fetch during the haboob events,
and/or an increased resistance of soil aggregates to fragmentation associated with
the observed increase in relative humidity along the haboob outflow.

Finally, compared to the invariant emitted dust flux PSD predicted by Brittle
Fragmentation Theory (BFT), our dust flux shows a substantially higher proportion
of super-micrometre particles. Overall, these results highlight the need to adequately
consider dry deposition when estimating the emitted PSD from concentration
measurements, even in studies limited to size ranges < 10 µm.
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Resumen

El polvo mineral atmosférico, emitido principalmente por la erosión del viento en
regiones áridas y semiáridas, está compuesto por una variedad de partículas minerales
que tienen una composición, forma y tamaño distintos. El amplio rango de diámetros
de las partículas de polvo, que abarca más de tres órdenes de magnitud, determina
en parte sus efectos dentro del Sistema Tierra. El polvo perturba el clima al absorber
y dispersar la radiación de onda corta y larga. Además, influye en la distribución y
tiempo de vida de las nubes y la precipitación, ya que puede actuar como núcleo de
condensación de nubes líquidas y de hielo. Una vez depositado en la superficie, el
polvo fertiliza los ecosistemas oceánicos y terrestres, y puede alterar el albedo de la
nieve. Por otro lado, el polvo tiene implicaciones para la agricultura, el transporte y
la infraestructura, y su inhalación representa riesgos para la salud humana.

Esta tesis doctoral se centra en la emisión de polvo, particularmente en la
distribución de tamaños de las partículas de polvo emitidas (“PSD”, del inglés
Particle Size Distribution) y la variabilidad de dicha distribución. Esta tesis se ha
llevado a cabo en el contexto del proyecto ERC “FRontiers in dust minerAloGical
coMposition and its Effects upoN climaTe” (FRAGMENT), que tiene como objetivo
una mejor comprensión de la composición mineralógica global del polvo, así como
de los efectos del polvo en el clima. El polvo se genera a través del bombardeo por
saltación, la desintegración de agregados, y de manera menos efectiva mediante el
arrastre aerodinámico (suspensión de partículas). Determinar la PSD del polvo en
emisión es crucial, ya que afecta en gran medida a sus impactos, tiempo de vida y
distribución global. A pesar de la extensa investigación realizada sobre este tema
en los últimos años, todavía existen lagunas sustanciales en nuestra comprensión
fundamental y cuantitativa de la PSD del polvo emitido, incluyendo su posible
variabilidad, las causas subyacentes a dicha variabilidad y la fracción de polvo con
diámetro >10 µm.

Esta tesis proporciona nuevas perspectivas sobre la PSD del polvo emitido
y su variabilidad basándose en las observaciones meteorológicas y las medidas de
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Resumen

concentración de polvo y de saltación en diferentes rangos de tamaño realizadas
durante una campaña de medidas que tuvo lugar en Marruecos en 2019 dentro del
proyecto FRAGMENT. En particular, las mediciones se realizaron en un lago efímero
ubicado en la zona baja del valle del Drâa en Marruecos, rodeado de campos de dunas
de arena pequeños. La saltación y la emisión de polvo fueron muy frecuentes en el
lago efímero, pero en comparación con estudios previos en otras zonas, la eficiencia
de saltación fue menor. Esto se debe probablemente al sedimento compactado que
cubría la superficie. Durante la campaña se identificaron dos tipos de eventos de
polvo: eventos regulares y haboobs. Los eventos regulares están asociados al ciclo
diario del viento superficial, que está relacionado con el calentamiento solar. Los
haboobs designan a un tipo de tormenta de polvo intensa que se origina cuando las
corrientes descendentes de aire en una tormenta convectiva tocan el suelo creando a
su paso una especie de frente de polvo y arena.

Se ha realizado un análisis exhaustivo de las PSDs en número y en masa
tanto para la concentración como para el flujo difusivo, identificando dependencias
estadisticamente significativas con la velocidad de fricción (u∗), la dirección del viento,
y el tipo de evento (regular versus haboob). Una de las características más destacadas
dentro de la variabilidad observada en las PSDs, que ha generado más debate en la
literatura, es un desplazamiento hacia PSDs más finas en el flujo difusivo a medida
que aumenta la u∗. En esta tesis, esta característica se ha atribuido en gran medida
al efecto de la deposición seca, que está modulada por la u∗ y la extensión de la
fuente de polvo (“fetch” en inglés), ésta última dependiente de la dirección del viento.
Sin embargo, una mayor fragmentación de agregados a medida que aumenta la u∗

podría también desempeñar un papel complementario, aunque probablemente de
menor importancia.

Se ha utilizado un modelo de deposición basado en resistencias calibrado con
observaciones de campo para estimar el flujo de deposición seca y, a partir de él se ha
estimado también el flujo de polvo emitido. Se ha demostrado que se puede depositar
aproximadamente hasta el 90% de las partículas emitidas con diámetros >10 µm y
hasta aproximadamente el 65% de las partículas emitidas con diámetros alrededor
de ∼5 µm. Estos resultados implican que la PSD del polvo emitido es más gruesa y
menos variable que la PSD del flujo difusivo. Ésta es la primera vez que se identifica
y cuantifica experimentalmente el efecto de la deposición seca en el flujo difusivo,
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respaldando resultados recientes obtenidos con modelización numérica. Cabe destacar
que la influencia de la deposición seca puede invalidar la típica suposición de que la
PSD del flujo difusivo es equivalente a la PSD del polvo emitido, especialmente al
incluir las partículas con diámetro >10 µm, y tiene consecuencias en la evaluación de
los esquemas de emisión de polvo y su implementación en los modelos de transporte
de polvo.

Otra característica destacable sobre la variabilidad de la PSD son las diferencias
de ésta entre los eventos de haboob y los eventos regulares. Durante los haboobs hay
una menor proporción de partículas submicrónicas para intervalos de u∗ equivalentes
o mayores, y una mayor deposición seca y variabilidad en las fracciones de masa
de polvo con diámetros > 3 µm. Los mecanismos propuestos para explicar esta
variabilidad incluyen un “fetch” efectivo más pequeño y variable durante los eventos
de haboob, y/o una mayor resistencia de los agregados del suelo a la fragmentación,
que está asociada al aumento observado en la humedad relativa a lo largo del flujo de
salida (“outflow”) del haboob.

Finalmente, en comparacion con la PSD del flujo de polvo que propone
la teoría de fragmentación de materiales frágiles (“BFT”, del inglés Brittle
Fragmentation Theory), se observa una proporción sustancialmente mayor de
partículas supermicrónicas en el flujo de polvo obtenido en este trabajo. En general,
estos resultados sugieren que la deposición seca debe ser considerada adecuadamente
cuando se estima la PSD emitida a partir de las medidas de concentración de
partículas, incluso en estudios limitados a rangos de tamaño < 10 µm.

xxi





Resum

La pols mineral atmosfèrica, principalment emesa per l’erosió del vent en regions àrides
i semiàrides, està composta per una varietat de partícules minerals que tenen una
composició, forma i mida diferents. L’àmplia gamma de diàmetres de les partícules
de pols, que abasta més de tres ordres de magnitud, determina en part els seus efectes
dins del Sistema Terra. La pols pertorba el clima a l’absorbir i dispersar la radiació
d’ona curta i llarga. A més, influeix en la distribució i temps de vida dels núvols i
la precipitació, ja que pot actuar com a nucli de condensació de núvols liquids i de
gel. Una vegada dipositada a la superfície, la pols fertilitza els ecosistemes oceànics i
terrestres i pot alterar l’albedo de la neu. Per altra banda, la pols té implicacions per
a l’agricultura, el transport i la infraestructura, i la seva inhalació comporta riscos
per a la salut humana.

Aquesta tesi doctoral es centra en l’emissió de pols i, més concretament, en la
distribució de tamanys de les partícules de pols emeses (“PSD”, de l’anglès Particle
Size Distribution) i la seva variabilitat. Aquesta tesi s’ha realitzat en el context
del projecte ERC “FRontiers in dust minerAloGical coMposition and its Effects
upoN climaTe” (FRAGMENT), que té com a objectiu millorar la comprensió de la
composició mineralògica global de la pols, així com dels efectes de la pols en el clima.
La pols es genera a través del bombardeig per saltació, la desintegració d’agregats
i, de manera menys efectiva, mitjançant l’arrossegament aerodinàmic (suspensió de
partícules). Determinar la PSD de la pols en emissió és crucial, ja que afecta de
manera significativa els seus impactes, temps de vida i distribució global. Malgrat la
extensa investigació realitzada sobre aquest tema en els últims anys, encara existeixen
mancances substancials en la nostra comprensió fonamental i quantitativa de la
PSD de la pols emesa, incloent-hi la seva possible variabilitat, les causes subjacents
d’aquesta variabilitat i la fracció de pols amb diàmetre > 10 µm.

Aquesta tesi proporciona noves perspectives sobre la PSD de la pols emesa i la
seva variabilitat basant-se en observacions meteorològiques i mesures de concentració
de pols i de saltació resoltes per tamany realitzades durant una campanya de mesures
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que va tenir lloc a Marroc el 2019 dins del projecte FRAGMENT. En particular, les
mesures es van realitzar en un llac efímer situat a la zona baixa de la vall del Drâa
a Marroc, envoltada de camps de dunes de sorra petites. La saltació i l’emissió de
pols van ser molt freqüents en el llac efímer, però en comparació amb estudis previs
en altres zones, l’eficiència de saltació va ser menor. Això es deu probablement al
sediment compactat que cobria la superfície. Durant la campanya es van identificar dos
tipus d’esdeveniments de pols: esdeveniments regulars i haboobs. Els esdeveniments
regulars estan associats al cicle diari del vent superficial, que està relacionat amb
l’escalfament solar. Els haboobs fan referència a un tipus d’ensorrament de pols intens
que es produeix quan les corrents descendents d’aire en una tempesta convectiva
toquen el sòl creant, al seu pas, una mena de front de pols i sorra.

S’ha realitzat una anàlisi exhaustiva de les PSDs en nombre i en massa tant per
a la concentració com per al flux difusiu, identificant dependències estadísticament
significatives en funció de la velocitat de fricció (u∗), la direcció del vent, i el tipus
d’esdeveniment (regular o haboob). Una de les característiques més destacades dins
de la variabilitat observada en les PSDs, que ha generat més debat en la literatura,
és el desplaçament cap a PSDs més fines en el flux difusiu a mesura que augmenta
la u∗. En aquesta tesi, aquesta característica s’ha atribuït en gran mesura a l’efecte
de la deposició seca, que està modulada per la u∗ i l’extensió de la font (“fetch” en
anglès), aquesta última dependent de la direcció del vent. No obstant això, una major
fragmentació d’agregats a mesura que augmenta la u∗ podria també jugar un paper
complementari, encara que probablement de menor importància.

S’ha utilitzat un model de resistències calibrat amb observacions de camp per
estimar el flux de deposició seca i, a partir d’aquest, s’ha estimat també el flux de
pols emesa. S’ha demostrat que es pot depositar aproximadament el 90 % de les
partícules emeses amb diàmetres > 10 µm i fins a aproximadament el 65 % de l’emissió
de partícules amb diàmetres al voltant de ∼5 µm. Aquests resultats impliquen que
la PSD de la pols emesa és més gruixuda i menys variable que la PSD del flux
difusiu. Aquesta és la primera vegada que s’identifica i quantifica experimentalment
l’efecte de la deposició seca en els fluxos difusius, recolzant resultats recents obtinguts
amb modelització numèrica. Cal destacar que la influència de la deposició seca pot
invalidar la típica suposició que la PSD del flux difusiu és equivalent a la PSD de
la pols emesa, especialment a l’incloure les partícules amb diàmetre > 10 µm, i té
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conseqüències en l’avaluació dels esquemes d’emissió de pols i la seva implementació
en els models de transport de pols.

Una altra característica destacable sobre la variabilitat de la PSD són les
diferències de PSD entre els esdeveniments de haboob i els esdeveniments regulars.
Durant els haboobs hi ha una menor proporció de partícules submicròniques per a
intervals de u∗ equivalents o majors, i una major deposició seca i variabilitat en les
fraccions de massa de pols amb diàmetres > 3 µm. Els mecanismes proposats per
explicar aquesta variabilitat inclouen un “fetch” efectiu més petit i variable durant
els esdeveniments de haboob, i/o una major resistència dels agregats del sòl a la
fragmentació, que està associada a l’augment observat en la humitat relativa al llarg
del flux de sortida (“outflow” en anglès) del haboob.

Finalment, en comparació amb la PSD del flux de pols emès que proposa la
teoria de fragmentació de materials fràgils (“BFT”, de l’anglès Brittle Fragmentation
Theory), s’observa una proporció substancialment més gran de partícules
supermicròniques en el flux de pols obtingut en aquest treball. En general, aquests
resultats suggereixen que la deposició seca ha de ser considerada adequadament per
a estimar la PSD emesa a partir de les mesures de concentració de partícules, fins i
tot en estudis limitats a rangs de tamany < 10 µm.
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Chapter 1

A general overview of atmospheric
mineral dust

Dust research spans over different disciplines, including soil physics, meteorology,
geology, air chemistry, mineralogy and microbiology. In this chapter, I provide a
comprehensive introduction to atmospheric mineral dust, covering different aspects of
its atmospheric life cycle, effects and properties. First, I describe the different stages
involved in its atmospheric cycle, and review the most recent global dust emission
estimates along with the contributions from the main dust source regions. Then, I
focus on the effects dust exerts upon our society and climate. Finally, I delve into
the dust physico-chemical properties.

1.1. The atmospheric mineral dust cycle

Atmospheric mineral dust, formed of tiny soil mineral particles, is the most abundant
aerosol type, contributing more than two thirds of the global aerosol mass (Textor
et al., 2006). Once emitted, dust particles drastically reduce visibility in source
regions and are frequently carried over distances of thousands of kilometres before
being deposited to land and ocean waters (Fig. 1.1). During transport dust is
subject to chemical and physical transformations and interacts with radiation and
clouds. The atmospheric dust cycle is controlled by factors that change at multiple
spatio-temporal scales, ranging from seconds to hundreds of thousands of years and
from local to global, and is connected to other cycles including the energy, water,
carbon, phosphorus and iron cycles (Shao et al., 2011b).

Dust is mainly emitted from arid and semi-arid areas, where strong winds
promote the movement of soil particles by saltation, and the release of fine particles
(Shao, 2008). Besides wind intensity, dust emission is controlled by other factors such
as soil properties (e.g. mineralogy, presence of aggregates, soil texture), surface soil
conditions (e.g. crust, moisture, vegetation, roughness) and land-use (e.g. grazing,
farming) (Tegen et al., 2002; Pierre et al., 2012; Perlwitz et al., 2015a,b; Klose et al.,
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Figure 1.1: Main processes involved in dust cycle and main dust impacts on climate.

2019). As a result, although natural deserts dominate dust production, anthropogenic
sources resulting from changes in land-use have been estimated to represent about
25% of the global emission (Ginoux et al., 2012). However, the uncertainty in this
estimate is high (Tegen et al., 2004; Mahowald et al., 2004; Stanelle et al., 2014; Xi
and Sokolik, 2016).

Prolific sources of dust aerosol are located mostly in areas where precipitation is
low and there is accumulation of alluvial sediments (Fig. 1.2). Such regions comprise
deserts, inland basins sporadically flooded by ephemeral surface water streams and
dry lake beds (Prospero et al., 2002; Bullard et al., 2011; Ginoux et al., 2012). The
largest source region on Earth is the Sahara Desert, which hosts what is thought
to be the most prolific dust source of the planet: the Bodélé Depression, located in
the northern Lake Chad Basin (Prospero et al., 2002; Bristow et al., 2009; Ginoux
et al., 2012). Recent estimates suggest that North African source regions contribute
around 50 % of the total global loading of dust (Kok et al., 2021a). Other major
dust source regions, representing around 40 % of the total global loading of dust
(Kok et al., 2021a), are the Middle East with several active sources (Pease et al.,
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1998; Hamidi et al., 2013; Yu et al., 2013) and the Asian continent, including the
Taklamakan Desert (Ge et al., 2016), the Gobi Desert (Chen et al., 2017), the Sistan
Basin (Alizadeh-Choobari et al., 2014) and the Thar Desert (Hussain et al., 2005). All
these sources constitute the so-called “global dust belt” in the Northern Hemisphere,
extending from the west coast of North Africa, over the Middle East, Central and
South Asia, to China (Prospero et al., 2002). Dust aerosols are also emitted from
deserts in Australia (Ekström et al., 2004), South Africa (Bryant et al., 2007; Vickery
et al., 2013), South America (Gassó and Torres, 2019) and North America (Hand
et al., 2017), but to a lesser extent. While most of the global dust originates from hot
tropical and subtropical arid regions, it is estimated that up to 5 % of the global dust
is emitted from cold high-latitude dust (HLD) sources (≥ 50 °N and ≥40 °S) (Bullard
et al., 2016). In addition, the existence of a northern HLD belt has been recently
suggested. This belt has been defined as the area north of 50 °N, with a “transitional
HLD-source area” extending at latitudes 50–58 °N in Eurasia and 50–55 °N in Canada
and a “cold HLD-source area” including areas north of 60 °N in Eurasia and north

Figure 1.2: Main dust source regions in the world located in: (1) Western North Africa, (2) Eastern
North Africa, (3) the Southern Sahara and Sahel, (4) the Middle East and Central Asia (which
includes the Horn of Africa), (5) East Asia, (6) North America, (7) Australia, (8) South America,
and (9) Southern Africa. Red points represent the high-latitude dust sources identified in Meinander
et al. (2022). Black arrows reflect the main dust transport patterns described in (Shao et al., 2011b).
Figure modified from Kok et al. (2021a).
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of 58 °N in Canada, with currently “no dust source” area between the HLD and
low-latitude dust, except for British Columbia (Meinander et al., 2022).

Recent estimates constrained by global observations of dust aerosol optical
depth and size-resolved concentrations suggest that every year between 3400 and
9100 Tg yr−1 are emitted globally (Kok et al., 2021a,b). These estimates, which
consider dust with a geometric diameter up to 20 µm, exceed previous assessments
(Huneeus et al., 2011) in great part due to higher emission of coarse and super-coarse
particles. It is important to note that these estimates are sensitive to the choice of
the dust emission scheme (Klose et al., 2021).

Dust emission, as described earlier, is influenced by various factors that make
it sensitive to climate change and land-use and land-cover change (Jia et al., 2019).
Limited research has examined the evolution of global dust sources since pre-industrial
times, suggesting a likely increase in dust emission during the last century (Mahowald
et al., 2010; Stanelle et al., 2014; Kok et al., 2023). Notably, the recent study conducted
by Kok et al. (2023), which combines dust deposition records with constraints on the
modern-day dust cycle, has estimated an increase in global dust mass loading of 55
± 30% since pre-industrial times, driven largely by increases in dust from Asia and
North Africa. However, it remains unclear whether dust emission will increase or
decrease in response to future climate and land-use changes (Evan et al., 2016; Pu
and Ginoux, 2017, 2018). Accurately simulating dust emission evolution is hindered
by uncertainties surrounding future regional wind patterns and precipitation (Evan
et al., 2016). Additionally, uncertainties arise from factors such as the influence of
CO2 fertilization on the extent of dust sources (Huang et al., 2017), the complexities
of dust feedback mechanisms (Evans et al., 2019), and the effects of human activities
that alter land-use, disturb soil, and involve practices such as cropping, livestock
grazing, recreation, urbanization, and water diversion for irrigation (Ginoux et al.,
2012).

Once dust is emitted, its lifetime in the atmosphere is strongly influenced
by the environmental conditions (Pye, 1987; Kok et al., 2012; Adebiyi and Kok,
2020) and the size of its particles, as small particles fall slower than larger ones
(Seinfeld and Pandis, 2006). Under favourable environmental conditions, including
atmospheric instability, strong convection, turbulence within the boundary layer and
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strong prevailing winds in the free troposphere (Ansmann et al., 2009; Knippertz
and Todd, 2012; Garcia-Carreras et al., 2015), dust particles (especially particles
with geometric diameters < 10 µm) can remain suspended for several days and travel
distances of thousands of kilometres through the air (Prospero et al., 1970; Carlson
and Prospero, 1972). As depicted in Fig. 1.2, the main trajectories followed by dust
from North Africa are (1) southward over the Sahel and the Gulf of Guinea (∼60 %
of emissions) (2) westward to the North Atlantic Ocean (∼25 %), (3) northward to
Europe and the Mediterranean Sea (∼10 %) and (4) eastward to the Middle East
(∼5 %) (Shao et al., 2011b). The emission and transport of dust from the Middle
East and Central Asia are associated with the Indian monsoon trough, resulting in
the transport of dust towards the Indian Ocean (Shao et al., 2011b; Di Biagio et al.,
2021). In East Asia, dust normally follows the East Asian trough and is primarily
transported toward the southeast and then the northeast, sometimes even reaching
the West coast of Canada and the USA. In Australia there are two major pathways:
(1) south-eastward to the Southern Pacific Ocean and (2) north-westward to the
Indian Ocean (Shao et al., 2011b). Dust emitted from South America primarily
undergoes transport across the South Atlantic Ocean and can even reach Antarctica
(Li et al., 2010; Johnson et al., 2011). In North America, Santa Ana winds transport
abundant amounts of dust from the mainland to the eastern Pacific Ocean (Muhs
et al., 2007). The analysis of HLD pathways is more limited. However, some progress
has been made in recent years. For instance, the study conducted by Baddock et al.
(2017) has highlighted the transportation of Icelandic dust to the Northern Atlantic
and sub-Arctic oceans.

There is increasing observational evidence of the long-range transport of
dust particles with a geometric diameter of 2.5–10 µm (coarse) and 10–62.5 µm
(super-coarse) (Jeong et al., 2014; Van Der Does et al., 2016; Weinzierl et al., 2017;
van der Does et al., 2018) although the physical mechanisms responsible for this
phenomenon still remain quite uncertain. Existing models, which commonly rely
on the Stokes settling approximation, fail to incorporate this observed long-range
transport of coarse and super-coarse dust, which is crucial for understanding the
impacts of dust aerosols on the Earth System (Ryder et al., 2019; Adebiyi et al., 2023).
A recent study suggests that climate models are likely missing over 75 % of particles
with a geometric diameter larger than 5 µm (Adebiyi and Kok, 2020). The transport
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of coarse and super-coarse dust particles over long distances is likely influenced
by atmospheric phenomena such as advection, convection, atmospheric instability,
and turbulence (Ansmann et al., 2009; Knippertz and Todd, 2012; Garcia-Carreras
et al., 2015). Regrettably, these important factors are not adequately represented in
current models. Additionally, the impact of dust shape and orientation, as well as
the potential electrification of the dust layer, which can contribute to a decrease in
the settling velocity of larger particles, are typically overlooked (Ulanowski et al.,
2007; Renard et al., 2018; Huang et al., 2020; Mallios et al., 2020).

Dust is removed from the atmosphere by dry deposition, including gravitational
settling, impaction, interception, and diffusion, and by wet deposition, which refers
to the scavenging of particles by water and their subsequent removal by precipitation
(Shao, 2008; Bergametti and Foret, 2014). These processes depend strongly on dust
size. The comparison between different simulations performed using seven dust
models within the Aerosol Comparisons between Observations and Models (AeroCom)
project, suggested that dry deposition accounts for about 65-80 % of the overall
dust deposition (Textor et al., 2007). Recent findings by Kok et al. (2021a), using
an inverse model, align with these results, indicating that only around 15-30 % of
the overall deposition is attributed to the wet mechanism, with some seasonal and
regional variations. Coarse dust particles constitute the major portion of the dry
deposition flux, with this type of deposition predominantly occurring near the source
regions. In contrast, wet deposition emerges as the dominant mechanism for particle
deposition in regions located further away from the sources (Loye-Pilot et al., 1986;
Yu et al., 2019; van der Does et al., 2020).

In general, larger errors and biases are found when simulating dust deposition
compared to other variables needed to represent the dust cycle, which is partly
explained by its larger spatial and temporal variability (Avila et al., 1997; Kok et al.,
2021b). The models included in the AeroCom project for example simulate the yearly
dust deposition within a factor ten compared to the observations (Huneeus et al.,
2011). Accurate quantification of this deposition, although challenging, is crucial
for constraining dust transport models and understanding the overall mass budget
(Bergametti and Foret, 2014).
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1.2. Impacts on society

Historical archives, such as the Samguk sagi (History of the Three Kingdoms) spanning
from 57 BC to AD 938 (Chun et al., 2008), contain the first preserved descriptions of
dust events. Moreover, concepts related to dust, including phenomena such as dust
devils, have been documented since Ancient Greece. For instance, dust devils appear
in the Greek play “Antigone” written around 450 BC (Bowker, 2011). The concern of
ancient cultures regarding dust storms was rooted in fear, as they believed it to be a
punishment or warning from God to the ruler (Chun et al., 2000). Nowadays, although
our knowledge and understanding of these phenomena have advanced significantly, our
concern about dust remains due to its negative impacts on human health, agriculture,
transport, infrastructure, and its implications for climate, as described in Sect. 1.3.

Health problems caused or aggravated by dust exposure, which occur especially
in arid and semi-arid regions, include eye infections, skin irritations, cardiovascular
disorders and respiratory diseases, ranging from acute infections such as bronchitis or
pneumonia to chronic diseases such as asthma or emphysema (Goudie, 2014; Zhang
et al., 2016; Querol et al., 2019). The size of dust particles is a key point when assessing
the potential hazard to human health (Brunekreef and Holgate, 2002; Karanasiou
et al., 2012). In practical terms, a distinction is made between two categories:
particulate matter with an aerodynamic diameter less than 10 µm, referred to as
PM10 or “thoracic” particles, which can penetrate into the lower respiratory system,
and particulate matter with an aerodynamic diameter less than 2.5 µm, known as
PM2.5 or “respirable” particles. The latter have a higher likelihood of being deposited
in the gas-exchange region of the lungs, leading to more significant adverse effects
(Brunekreef and Holgate, 2002). In addition, dust can carry pathogens, allergens,
fungi, pollutants and toxic substances and can contribute to the outbreak of epidemics
(Griffin et al., 2001; Thomson et al., 2006; De Deckker et al., 2008; García-Pando
et al., 2014).

Dust events also have repercussions on economy, as a consequence of air and land
transport disruptions (Schultz and Meisner, 2009), interruption of communications
and physical damages on buildings (Miri et al., 2009), reduction in solar power output
(Saidan et al., 2016) and crop damage, which may lead to a decrease in production
yield (Stefanski and Sivakumar, 2009). At the same time, a reduction in the crop
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cover makes the soil more vulnerable to water erosion (Römkens et al., 2002), but also
enhances wind erosion, leading eventually to soil degradation through the removal of
the nutrient-rich topsoil layer (McTainsh et al., 1990; Wang et al., 2017b).

1.3. Impacts on climate

Mineral dust plays a key role in the Earth System, with a major impact on the energy
and carbon cycles, and, therefore, upon climate (Knippertz and Stuut, 2014). In
this section, I explore the main mechanisms through which dust impacts climate
including interactions with radiation, clouds, atmospheric chemistry, biogeochemistry,
cryosphere along with an assessment of dust radiative forcing. I place special emphasis
on the influence of dust composition, shape, and particularly size (further explored
in Sect. 1.4) on these mechanisms.

1.3.1 Interaction with radiation

Based on the Planck’s law, the Sun emits radiation with shorter wavelengths compared
to the Earth due to its higher temperature. Consequently, the radiation from the Sun
is referred to as shortwave (SW), while Earth’s radiation is termed as longwave (LW).
In the SW spectrum, approximately one quarter of the total SW radiation extinguished
through scattering and absorption by all aerosol particles in the atmosphere can be
attributed to dust (Kinne et al., 2006; Gliß et al., 2021). The global dust optical depth
(DOD) at 550 nm is estimated to be ∼0.032, with the Northern Hemisphere having
about 1 order of magnitude more DOD (∼0.056) than the Southern Hemisphere
(∼0.008) (Gkikas et al., 2022). In the LW spectrum, dust is the primary aerosol
responsible for radiative effects due to its coarse size and abundance (Dufresne
et al., 2002; Heald et al., 2014). The direct interaction of dust with SW and LW
radiation leads to changes in radiation, which are further adjusted by what are known
as semi-direct radiative effects (Forster et al., 2021; Adebiyi et al., 2023). These
effects include modifications in temperature and water vertical profiles, cloud and
precipitation distributions, wind circulation and convective processes (Knippertz and
Stuut, 2014; Choobari et al., 2014; Amiri-Farahani et al., 2017; Jin et al., 2021).

The direct radiative effect (DRE) of dust is the net perturbation of the radiative
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balance by dust through direct interaction with SW and LW radiation and it can be
evaluated at the top of the atmosphere (TOA), in the atmosphere and at the surface.
The dust DRE depends on the abundance, size, shape and complex refractive index
of dust particles. The complex refractive index of mineral dust consists of a real part,
strongly influenced by the mineralogy of iron oxides and hydroxides (hematite versus
goethite) and clay minerals (illite versus kaolinite), that governs scattering, and an
imaginary part, which is controlled mainly by the volume fraction of iron oxides and
hydroxides, that governs absorption (Moosmüller et al., 2012; Highwood and Ryder,
2014; Li et al., 2021).

Furthermore, the magnitude of the DRE is influenced by the presence of clouds,
the dust vertical distribution and the albedo of the underlying surface (Liao and
Seinfeld, 1998; Highwood and Ryder, 2014; Li et al., 2021). A key intensive optical
property of dust is the single-scattering albedo (SSA), which is defined as the fraction
of the extinguished radiation that is scattered by dust particles (Highwood and
Ryder, 2014). For purely absorbing particles, the SSA is 0, while for purely scattering
particles, it is 1. For mineral dust, SSA values range between 0.80 and 0.99 at
550 nm (Volz, 1972; Dubovik et al., 2002; Müller et al., 2009; Formenti et al., 2011a;
Rocha-Lima et al., 2018). The spatial variability of the iron content in mineral dust
is considered to be the primary factor responsible for this range of values (Claquin
et al., 1999; Miller et al., 2014). A recent study conducted by Di Biagio et al. (2019)
presented a dataset containing SSA values of dust from eight distinct source regions
in the world.

The direction in which radiation is scattered when it interacts with dust particles
is also important to evaluate the radiative impact, and it is often described by the
scattering phase function which depends on the relative angle between the incident
and emerging beams (Miller et al., 2014).

While at the global scale in the SW spectrum mineral dust is estimated to
have a cooling effect at TOA because scattering of SW radiation dominates over
spectral absorption, in the LW range dust has a warming effect (Sokolik and Toon,
1996; Kok et al., 2017; Di Biagio et al., 2020; Adebiyi et al., 2023). According to
recent literature, the net DRE of dust, which combines the SW and LW effects,
ranges from -0.5 to +0.35 W m−2 (Scanza et al., 2015; Kok et al., 2017; Di Biagio
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et al., 2020; Li et al., 2021; Feng et al., 2022). However, earlier studies have reported
larger negative estimates (Woodward, 2001; Miller et al., 2006; Choobari et al., 2014).
The uncertainty associated with these estimates largely stems from the particle size
distribution of dust in models (Zhao et al., 2013; Adebiyi and Kok, 2020; Adebiyi
et al., 2023). For instance, Kok et al. (2017) showed a reduced cooling effect of dust,
approximately half of previous estimates (-0.46 to -0.20 W m−2), when incorporating
size-resolved dust loadings constrained by the emitted dust size distribution and
lifetime. Additionally, Di Biagio et al. (2020) suggested that the inclusion of particles
with geometric diameters ≥20 µm in models could further weaken the cooling effect
of dust.

Hence, the knowledge of dust particle sizes present in the atmosphere are crucial
to determine whether the net DRE of dust leads to warming or cooling of the planet
(Di Biagio et al., 2020; Adebiyi and Kok, 2020).

1.3.2 Interaction with clouds

Dust, acting as cloud condensation nuclei (CCN) and ice nucleating particles (INPs),
indirectly affects the Earth’s energy balance by influencing cloud microphysical
properties (DeMott et al., 2003; Atkinson et al., 2013; Hawker et al., 2021).

Under supersaturated conditions, when the size of dust particles exceeds a
critical diameter, dependent on the particle solubility and ambient conditions, they
initiate the nucleation of cloud droplets. Consequently, the number of dust particles
acting as CCN is significantly influenced by the dust size, composition and surface
area distribution (Kelly et al., 2007; Karydis et al., 2011; Mahowald et al., 2014).
Besides nucleating droplet, dust has the potential to interact with warm clouds,
being captured by cloud droplets within these clouds. Due to its unique composition
(being insoluble) and large particle size, dust exerts a more complex impact on the
microphysics of these clouds compared to other typical CCN (Karydis et al., 2011;
Mahowald et al., 2014; Adebiyi et al., 2023). For example, it has been observed
that the increase of dust particles acting as CCN in warm stratiform clouds leads
to an increase of cloud albedo and a suppression of precipitation (Rosenfeld et al.,
2001). It has been also suggested that the coarsest dust particles could act as giant
CCN (Levin and Ganor, 1996). These giant CCN produce larger cloud droplets that
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promote collision coalescence and thereby are thought to initiate precipitation sooner
(Blyth et al., 2003). Although a conceptual case proved the latter and it is clear that
large dust particles have the potential to alter cloud properties and lifetime (Levin
et al., 2005), there are still considerable uncertainties (Adebiyi et al., 2023).

Dust is also a prominent source of INPs, exerting considerable influence on cold
cloud processes all around the planet from the surface to the top of the troposphere
(Murray et al., 2012; Vergara-Temprado et al., 2017; Froyd et al., 2022). The activation
of INPs is influenced by various factors, including the properties of dust such as its
composition, size, and surface defects, as well as environmental factors such as particle
concentration, temperature and humidity (Möhler et al., 2006; Yakobi-Hancock et al.,
2013; Takeishi and Storelvmo, 2018; Hawker et al., 2021). Recent modelling studies
have analyzed the impact of INPs on convective clouds (Takeishi and Storelvmo,
2018; Hawker et al., 2021). Results suggest that heterogeneous ice nucleation in the
mixed-phase cloud regime can diminish the availability of water for homogeneous
freezing, leading to fewer and larger ice crystals in the high-latitude cirrus anvil. This
finding is noteworthy as the characteristics and duration of the anvil play a crucial
role in the cloud radiative effect of a convective system, given that anvils have a
larger coverage area compared to the convective core and persist long after the core
dissipates (Hawker et al., 2021).

1.3.3 Interaction with atmospheric chemistry

While present in the atmosphere, dust undergoes chemical composition
transformations through diverse processes, including the uptake of reactive
compounds in the gas phase, photochemistry, and both in-cloud and off-cloud
processing (Adebiyi et al., 2023). Consequently, certain properties of mineral
dust, such as its hygroscopicity, which is crucial for its role as CCN or INPs, and
its solubility in water, which affects its capacity for ocean fertilization, undergo
modifications (Li-Jones et al., 1998; Tobo et al., 2010; Kumar et al., 2011; Tang
et al., 2016).

In turn, these dust chemical composition transformations impact the composition
and oxidative capacity of the atmosphere. For example, the carbonate compounds
present in dust can significantly decrease atmospheric acidity by reacting with nitric
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and sulfuric acid (Gatz et al., 1986; Rastogi and Sarin, 2006). Furthermore, dust
influences the balance of other atmospheric components, acting as catalyser and
providing surface for heterogeneous reactions. These mechanisms lead for example to
a reduction in some photochemical oxidants and ozone (Güsten et al., 1996; Bonasoni
et al., 2004; Cwiertny et al., 2008), and modifications in nitric oxide cycle (Ndour
et al., 2008).

1.3.4 Interaction with biogeochemistry

Beyond its effects on the atmosphere, the composition and size of dust also influences
the land and ocean biogeochemistry since deposited dust constitutes an important
source of nutrients, especially iron, nitrogen and phosphorus (Duce and Tindale,
1991; Okin et al., 2004; Bristow et al., 2010; Jickells and Moore, 2015). Some
ocean ecosystems such as large regions of the Southern Ocean and Equatorial Pacific
exhibit high content of nutrient but low phytoplankton primary production, which
is attributed to iron limitation (Martin et al., 1991; Mills et al., 2004; Okin et al.,
2011). Therefore, the presence of iron governs the dynamics of phytoplankton blooms,
which, in turn, impact the biogeochemical cycle of carbon. Mineral dust is considered
nowadays as the primary source of atmospheric iron, accounting for approximately
95 % of the total burden. The remaining 5 % is attributed to combustion sources,
notably anthropogenic combustion and biomass burning aerosols (Luo and Gao, 2010;
Okin et al., 2011). However, not all the iron supplied by dust is directly bioavailable
for marine biota and the mechanism by which it becomes bioavailable remains poorly
understood. Nevertheless, there is some evidence suggesting that solubility, which
appears to be influenced by the surface area to volume ratio of dust particles, plays
a significant role in this process (Baker and Jickells, 2006; Baker and Croot, 2010).
Furthermore, dust generally exhibits lower solubility compared to combustion-derived
iron particles (Ito et al., 2021), although solubility characteristics can vary depending
on the mineralogy and source of the particles (Chuang et al., 2005; Schroth et al.,
2009).

In terrestrial ecosystems, phosphorus is often the limiting nutrient for
productivity. Multiple studies have demonstrated the role of dust in supplying
this nutrient. For instance, it has been proved that Saharan dust regulates soil
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phosphorus dynamics in the Amazon Basin (Swap et al., 1992; Okin et al., 2004).
Also, the input of phosphorus from dust originating in Asia has been found to be
significant in sustaining productivity in Hawaiian ecosystems (Chadwick et al., 1999).

1.3.5 Interaction with cryosphere

The snowpack, a crucial element of the cryosphere, is predominantly found in high
latitude and/or high elevation environments and exerts a significant influence on
the global energy balance through its high albedo (Zhang, 2018; Skiles et al., 2018;
Jakobs et al., 2021). Several observations and model simulations have demonstrated
that the presence of light-absorbing particles (LAPs), such as black carbon (BC)
and mineral dust, within the snowpack can lead to a decrease in snow albedo. This
reduction in albedo enhances the absorption of solar radiation, thereby accelerating
the melting of snow, with important impacts for regional climate, hydrology and
ecological systems (Liou et al., 2014; Skiles and Painter, 2019; Dumont et al., 2020).
Different studies have revealed that when present in significant concentrations, dust
can have a dominant impact on radiative forcing among LAPs in snow (Kaspari et al.,
2014; Skiles and Painter, 2018).

Although in general dust deposition in snow areas is more sporadic than BC
(Di Mauro et al., 2019), there is considerable evidence of dust outbreaks leading to
deposition on the snowpack reducing the surface albedo and accelerating the snow
melting rate (Painter et al., 2007; Dumont et al., 2014; Di Mauro et al., 2019; Wei
et al., 2021). Several studies have made significant progress in developing snow
albedo models and parameterizations that incorporate the influence of dust within
the snowpack (Liou et al., 2014; Flanner et al., 2021). These studies typically assume
that dust particles are spherical but as shown in Sect. 1.4.2, this assumption is
not the most accurate and can result in underestimations or overestimations of the
dust-induced snow albedo radiative effect. A recent study has revealed opposite
effects of dust size and non-sphericity on snow albedo reduction. While this reduction
decreases by up to 30 % as the dust effective radius increases from 1 to 5 µm, the
albedo reduction is enhanced by up to 20 % when assuming spheroidal dust particles
instead of spheres, with a stronger enhancement for larger dust sizes and higher dust
concentrations (Shi et al., 2022).
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1.3.6 Dust radiative forcing

Radiative forcing (RF) serves as a tool to evaluate and compare the factors
contributing to climate change (Myhre et al., 2013). The dust radiative forcing is
defined as the net change in the radiative flux by dust particles prior to any response
by the climate (from pre-industrial to present day) (Hansen et al., 2005; Heald et al.,
2014; Miller et al., 2014). As previously discussed, dust produces a range of effects
that can be categorized as direct, involving interactions with SW and LW radiation, as
well as semi-direct or adjustment effects, including modifications in temperature and
water vertical profiles, changes in cloud and precipitation distributions, adjustments
to wind circulation patterns, and modifications to convective processes. Each of these
effects leads to a distinctive dust DRE defined at the TOA, calculated as the change
in Earth’s energy balance produced by the change in global dust mass loading in
the modern climate due to each effect multiplied by the global modern dust loading.
The sum of all these DREs then equals the effective radiative effect of dust. From
these quantities it is possible to obtain the radiative perturbation due to a change
in dust loading from its value in the modern climate, and then define the effective
radiative forcing of dust due to the change in dust mass loading from pre-industrial
to modern times (Kok et al., 2023). Note that the term “effective” refers to the
fact that when assessing the change in net TOA downward radiative flux caused
by dust, it allows atmospheric temperatures, water vapor, and clouds to readjust
to radiative equilibrium, while keeping the global mean surface temperature or a
portion of surface conditions unchanged.

Usually the term RF denotes radiative perturbations that are entirely from
anthropogenic forcing agents (Ginoux et al., 2012; Wu et al., 2020). Nevertheless,
since dust is a natural aerosol that is influenced by both climate changes and human
land-use changes, a radiative perturbation resulting from a historical change in dust
can be attributed partly to changes in human land-use (considered a forcing) and
partly to natural and anthropogenic climate changes (considered a feedback). In
light of the complexity to disentangle these two contributions, the recent study
conducted by Kok et al. (2023) refers to the dust effective RF encompassing the
entire radiative perturbation due to the historical change in dust, that estimates to
be -0.2 ± 0.5 W m−2 (90 % confidence interval). This finding suggests that dust net
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cools the climate. Furthermore, the study indicates that compared to pre-industrial
levels, the global mass loading of dust in the modern climate has increased by 55 ±
30 %. This increase has resulted in a global mean effective radiative forcing of -0.07
± 0.18 W m−2, which somewhat counteracts greenhouse warming.

Unfortunately, current climate models fail to account for this increase in dust,
thereby excluding the associated RF. Consequently, climate change projections and
assessments of climate sensitivity are subject to bias (Kok et al., 2023). Further
research is necessary to better understand and constrain the dust radiative effects
on climate. An essential factor in this pursuit is the understanding of dust size, as
fine dust particles tend to induce a cooling effect on a global scale, while coarse and
super-coarse dust aerosols contribute to warming, thereby counteracting the cooling
effect (Otto et al., 2011; Ryder et al., 2018; Adebiyi et al., 2023).

1.4. Key dust microphysical properties

Figure 1.3 depicts a scanning electron microscope image of a dust sample from a
field campaign conducted in Morocco in 2019, which will be further discussed in this
thesis. The dust sample is composed by a variety of mineral particles exhibiting
distinct composition, shapes, and sizes. In this section, I delve into these key dust
microphysical properties.

1.4.1 Mineralogical composition

Dust consists of a mixture of different minerals including feldspars (albite/anorthite
and orthoclase), quartz, clay minerals (mica/illite, kaolinite, palygorskite,
chlorite/clinochlore and smectite/montmorillonite), carbonate minerals (mainly
calcite and dolomite), salts (mainly halite and gypsum), iron oxides and hydroxides
(mostly goethite and hematite) and other oxides or hydroxides of titanium, magnesium
and aluminium (Schütz and Sebert, 1987; Caquineau et al., 1998; Formenti et al.,
2008; Kandler et al., 2009; Shen et al., 2009; Scheuvens et al., 2013; Baldo et al.,
2020). In Sects. 1.2 and 1.3 I have provided an overview of how dust affects both our
society and climate. Here, I highlight the specific roles of some of these dust minerals
in influencing the Earth System: (1) Clay minerals have a notable impact on optical
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Figure 1.3: Scanning electron microscope image of a dust sample collected during the FRAGMENT
field campaign in Morocco in September 2019. Image credit: A. Panta.

aspects such as SW radiation scattering and LW absorption and emission. However,
their contribution to SW absorption is relatively low due to their low imaginary
component of the refractive index (Sokolik et al., 1998; Sokolik and Toon, 1999);
(2) Iron oxides and oxi-hydroxides, being hematite and goethite the most prevalent
species, play a dominant role for radiation absorption as their imaginary component
of the refractive index is significantly higher (by orders of magnitude) compared
to clay minerals (Sokolik and Toon, 1999; Zhang et al., 2015); (3) k-feldspars and
to a lesser extent quartz have a great efficiency as INPs, which can significantly
impact cloud processes (Yakobi-Hancock et al., 2013; Atkinson et al., 2013; Harrison
et al., 2019; Chatziparaschos et al., 2023); (4) Carbonates exhibit a high reactivity
and can easily be involved in interactions with acids such as sulfuric or nitric acid.
Through this mechanism, they have the potential to significantly enhance their
hygroscopicity (Laskin et al., 2005; Matsuki et al., 2005); (5) Iron, phosphorus,
calcium and magnesium compounds act as efficient nutrients for both marine and
terrestrial ecosystems (Okin et al., 2004; Boyd et al., 2010; Wang et al., 2021b) and
(6) Chromium and other heavy metals present a high toxicity that can alter marine
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primary production and exert adverse effects on human health (Paytan et al., 2009;
Wood et al., 2010).

These dust minerals are usually internally or externally mixed (among themselves
and with other aerosol species in the atmosphere) and exhibit several morphologies
(e.g. crystalline structures, aggregates and core-shell configuration) and sizes. Clays,
predominantly illite and kaolinite, are relatively more abundant in the fine fraction
of dust (particles with geometric diameters < 2.5 µm) while quartz and calcium
carbonate prevail in the coarser fractions (particles with geometric diameters >2.5 µm).
Titanium and iron oxides are ubiquitous in all dust sizes (Kandler et al., 2007, 2009;
Formenti et al., 2011b; Kandler et al., 2020).

Currently the relationship between source sediment composition and airborne
dust composition is poorly understood. Also, although the type and proportions
of soil minerals vary with the source region, current global atlases of mineralogical
composition are poorly constrained by observations (e.g. Caquineau et al., 1998;
Claquin et al., 1999; Journet et al., 2014). Clear differences in composition can be
observed when comparing some high latitude sources such as those from Iceland,
which are primarily composed of plagioclase and pyroxene, and contain approximately
60-90 % of aluminosilicate glass (Moroni et al., 2018; Baldo et al., 2020), with
mid-latitude dust, which is composed mainly of quartz, feldspars, calcite and clays
(Avila et al., 1997; Shi et al., 2005; Kandler and Scheuvens, 2019). Although smaller,
there are also differences in composition among mid-latitude sources. Ratios between
minerals such as I/K (I: illite, K: kaolinite) and Fe/Al (Fe: iron, Al: aluminium), and
the abundance of certain minerals (i.e. carbonate content) can be sensitive tracers
and compositional fingerprints of a source region (Caquineau et al., 1998; Shen et al.,
2009; Formenti et al., 2011b).

1.4.2 Shape

As depicted in Fig. 1.3 and supported by numerous in situ measurements, the
majority of dust particles are highly aspherical, exhibiting length-to-width (aspect
ratio) and height-to-width ratios that substantially deviate from unity (e.g. Okada
et al., 2001; Chou et al., 2008; Kandler et al., 2011; Huang et al., 2020; Panta et al.,
2023). To account for the non-sphericity of dust, most retrieval algorithms of passive
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remote sensing instruments suggest the application of spheroid models, considering
an equal distribution of prolate and oblate spheroids with the same length-to-height
ratio (Dubovik et al., 2006). However, in most current climate models dust particles
are assumed to be spherical (Gliß et al., 2021). A recent study that compiled
dozens of dust shape measurements revealed considerable discrepancies among the
three perpendicular axes for the majority of dust particles and thus suggested that
approximating dust shape by tri-axial ellipsoids would be more realistic (Huang et al.,
2020). This study concluded that accounting for dust asphericity increases dust
lifetime with respect to gravitational settling by ∼20 %, which could also help to
explain the transport of coarser dust particles. Furthermore, dust optical properties
inferred assuming tri-axial ellipsoids agree with observations substantially better than
when approximating dust by spheres or spheroids (Huang et al., 2020). This indicates
that constraining dust shape is crucial to determine its optical and aerodynamic
properties (Bi et al., 2009; Saito and Yang, 2021; Kong et al., 2022) and therefore
make accurate estimations of dust impacts in the Earth System.

1.4.3 Size

Given the non-sphericity of dust particles, the characterization of their size requires
the use of an “equivalent” diameter, defined based on a certain property or behaviour
of the irregular particle that is then linked to that of a perfect sphere (Kulkarni
et al., 2011). The most common equivalent diameters used in atmospheric dust
studies are: (1) the volume equivalent diameter or geometric diameter; (2) the
optical equivalent diameter; (3) the projected area equivalent diameter; and (4) the
aerodynamic equivalent diameter.

The geometric diameter is defined as the diameter of a sphere that has the
same volume and density as the irregularly shaped dust particle (Hinds, 1999). This
is the prevailing equivalent diameter used in dust models (Mahowald et al., 2014).
The optical equivalent diameter is the diameter of a calibration particle, usually a
polystyrene latex sphere or equivalent non-absorbing material, that scatters the same
amount of radiation as an irregularly shaped dust particle (Formenti et al., 2011b).
This diameter is used in optical particle counters (OPC), widely employed during
field campaigns for measuring size-resolved dust concentrations (Sow et al., 2009;
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Shao et al., 2011a; Dupont et al., 2021). The projected area equivalent diameter is
the diameter of a circle having the same area as an irregularly shaped dust particle
projected on a two-dimensional image (Kandler et al., 2007; Huang et al., 2020).
This diameter is employed for analysing particles collected on filters using electron
microscopy (Kandler et al., 2007; Panta et al., 2023). The aerodynamic equivalent
diameter represents the diameter of a sphere with a standard density (1000 kg m−3)
exhibiting the same terminal velocity as an irregularly shaped dust particle (Hinds,
1999). This diameter is commonly used for evaluating the impact of aerosols on
human health and establishing air pollution standards (Esworthy and McCarthy,
2013). It is worth highlighting that the density of dust is ∼2.5 higher than the
standard density used to define the aerodynamic diameter (Fratini et al., 2007; Reid
et al., 2008; Kaaden et al., 2009; Sow et al., 2009; Kok et al., 2021b).

The conversions among diameter types depend on shape, index of refraction
and dust density (Reid et al., 2003), and have been overlooked in many studies.
Recent advancements in the field have enabled the establishment of conversions
between the four types of diameters, while also accounting for the asphericity of dust
particles assuming tri-axial spheroids (Huang et al., 2021). The findings of this study
showed that (1) optical equivalent diameters exceeding approximately 8 µm tend to
underestimate the corresponding geometric equivalent diameters, (2) projected-area
equivalent diameters, on the other hand, exhibit an overestimation of approximately
∼56 % in comparison to geometric equivalent diameters, and (3) aerodynamic
equivalent diameters surpass geometric equivalent diameters by approximately ∼45 %.
These conversions are key to properly compare dust observations, often expressed in
optical, area or aerodynamic equivalent diameters, with models that use the geometric
diameters.

While the size of an individual particle is defined by any of the previously
mentioned diameters, the particle size distribution (PSD) of a dust aerosol population
refers to the relative concentrations of particles across different size ranges in terms of
number, mass, surface area or volume (Seinfeld and Pandis, 2006). Mathematically,
the PSD is expressed as follows:

P (D) =
∫ D

0
p(D′)δD′ (1.1)
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where p(D′) represents the particle-size distribution density function, δ denotes
differentiation and D the dust particle diameter.

Unlike other aerosols in the atmosphere, mineral dust particle sizes span more
than three orders of magnitude, from <0.1 µm to more than 100 µm in diameter. In
atmospheric sciences, aerosols have been traditionally classified in two size modes
called fine and coarse (Seinfeld and Pandis, 2006). The fine mode is in turn subdivided
into the nucleation mode, an Aitken mode and accumulation mode (Whitby and
Cantrell, 1976; Finlayson-Pitts and Pitts Jr, 1999). Dust particles were initially
associated with the coarse mode but subsequent research has clarified their presence
in the fine mode as well. Nonetheless, the boundary diameter between fine and coarse
dust modes has been been revised multiple times and there are inconsistencies among
studies regarding the specific type of diameter used to define this boundary (Walton,
1954; Heintzenberg, 1989; Rajot et al., 2008; Mahowald et al., 2014; Adebiyi and Kok,
2020). A similar situation arises with the upper limit of the coarse mode, for which
there is no consensus. This situation promoted the introduction of various terms such
as “large coarse-mode”, “super-coarse”, and “giant particles” in the classification of
dust particle sizes (Weinzierl et al., 2011; Pérez García-Pando et al., 2016; Jeong
et al., 2014). In an attempt to avoid more inconsistencies in the future and ensure
comparison across the literature, the following terminology for classifying atmospheric
dust particles in terms of geometric diameter (D) has been recently proposed in
Adebiyi et al. (2023): (1) Fine dust D < 2.5 µm, (2) Coarse dust 2.5 < D < 10 µm,
(3) Super-coarse dust 10 < D < 62.5 µm and (4) Giant dust D > 62.5 µm.

Dust PSD exhibits significant spatio-temporal variations and undergoes changes
throughout the various stages of the dust cycle. As discussed in Sects. 1.2 and 1.3
the impacts of dust on the Earth System are strongly influenced by its size, and
given the wide range of sizes, these impacts are numerous and diverse. This thesis
specifically emphasizes on the dust PSD at emission, recognizing its crucial role in
shaping the overall behavior of dust in the atmosphere.
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Chapter 2

Physics of dust emission

In this chapter the focus is directed towards dust emission, with special emphasis on
the emitted dust PSD, which is a central component of this thesis.

2.1. Basic physical concepts

Dust emission is a dynamic process wherein soil particles become detached from arid
or semiarid surfaces and are propelled into the atmosphere due to wind shear stress
(Fig. 2.1). The intensity of dust emission is influenced by various factors, including
the presence and size of roughness elements (such as stones, vegetation, and dunes),
atmospheric conditions (such as wind shear, turbulence, and convection), topsoil
properties of the source area (such as soil particle size and moisture), land-use and
other factors. During a wind erosion event, two distinct fluxes can be identified: a
horizontal or saltation flux, where particles hop along the surface in the direction of
the wind, and a vertical or emitted dust flux. This section provides further elucidation
of fundamental physical concepts associated with dust emission.

2.1.1 Soil particle size distribution

Soils contain particles with diameters ranging from less than 0.1 µm to more than
2 mm and gravel, encompassing pebbles, cobbles, and boulders that exceed 2 mm in
diameter. Soil particles susceptible to being lifted by wind are typically classified
based on their diameter, D, in sand (50-63 µm < D ≤ 2000 µm), silt (2-4 µm < D ≤
50-63 µm) and clay (D < 2-4 µm) (Shao, 2008; Perlwitz et al., 2015a). It is important
to note that the specific size intervals may vary depending on the particle size
classification system used, such as those proposed by the United States Department
of Agriculture or the World Reference Base for Soil Resources. Additionally, many
soil particles are bound together by interparticle cohesion forces, forming larger
aggregates.

The relationship between the emitted dust PSD (introduced in Chap. 1.4.3) and
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Figure 2.1: A general overview of dust emission: basic concepts involved.

its parent soil PSD is complex and is still not fully understood (Marticorena, 2014).
However, as outlined in Sect. 2.3 some theoretical frameworks utilize the parent soil
PSD as an input parameter (Shao, 2001, 2004; Kok, 2011a,b; Kok et al., 2014). The
most commonly employed techniques for measuring the parent soil PSD are sieving
and laser diffraction. Typically, two distinct types of PSDs are defined for the parent
soil: (1) the minimally-dispersed PSD, denoted as pm(D), which reflects the sample
subjected to minimal disturbance to preserve dust aggregates as much as possible;
and (2) the fully-dispersed PSD, denoted as pf (D), representing the opposite scenario
where aggregates are broken up through mechanical and chemical dispersion methods
(Shao, 2008).

2.1.2 Wind friction velocity, u∗

Wind friction velocity, u∗, is generally an important scaling parameter in boundary
layer meteorology and hence, it is a key parameter in wind erosion studies. The airflow
in contact with the Earth’s surface experiences deceleration due to drag forces, which
arise from both tangential stresses and pressure gradients (Arya, 2001). Therefore,
wind speed in the atmospheric boundary layer (ABL) typically increases with height.
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The force exerted on the surface by the wind along its direction is called the wind
shear stress, τ , and it is transmitted downward as a momentum flux. This transfer
is done through both turbulent and molecular motion. Wind shear stress can be
expressed as the sum of the Reynolds shear stress, τR, and the viscous shear stress,
τM :

τ = τR + τM (2.1)

The lowest 10 % or so of the ABL, where the Coriolis effect can be neglected, is
called the surface boundary layer (SBL). In the viscous sub-layer, which is immediately
adjacent to the surface, turbulence becomes negligible and molecular motion is
dominant, i.e. τM > τR. In the remainder of the SBL, i.e. moving away from the
viscous sub-layer, the situation is opposite. However, the total wind shear stress, τ ,
is approximately constant with height in the SBL (Shao, 2008). The shear stress
of a flowing Newtonian fluid such as the air is proportional to the vertical gradient
of the horizontal wind speed, ∂U/∂z, with the dynamical viscosity, µ, being the
proportionality constant:

τ = µ
∂U

∂z
(2.2)

In analogy with Newton’s law of viscosity (Eq. 2.2), Boussinesq (1877) proposed
that the turbulent flux of momentum in the SBL could be expressed in terms of the
mean horizontal wind speed through the definition of an eddy exchange coefficient
of momentum, Km, also called eddy viscosity, analogous to the molecular kinematic
viscosity:

τ = Kmρair
∂U

∂z
(2.3)

where ρair is the air density.

A similar flux-gradient relationship is also applied to other turbulent fluxes
such as mass, heat or water vapour and is known as K-theory. This theory assumes
that the turbulent transfer is done by eddies whose sizes are much smaller than
the characteristic scale of mean quantity variation. By analogy to the kinetic
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energy dispersion of wind due to eddy turbulence, it is possible to define a wind
friction velocity (also known as shear stress velocity). This friction velocity, which
is homogeneous along the vertical, is associated with the transport of momentum
between the different levels. Mathematically, it is expressed as:

u∗ =
√

τ

ρair

(2.4)

2.1.3 Logarithmic wind profile and roughness length, z0

The mean wind velocity profile can be expressed by a logarithmic or pseudo-
logarithmic form in the SBL which is above a rough or smooth surface (e.g. Stull,
1988; Kaimal and Finnigan, 1994; Arya, 2001; Foken and Napo, 2008; Shao, 2008).
The flow regime can be stable, neutral or unstable. In the case of a neutrally stratified
SBL, the eddy viscosity, Km, is represented by:

Km = κu∗z (2.5)

where κ is the von Karman constant, u∗ is the friction velocity and z the height above
the surface (Shao, 2008). Applying Eq. 2.5 in Eq. 2.3 and equaling to u∗ from Eq.
2.4, we obtain:

∂U

∂z
= u∗

κz
(2.6)

Integrating Eq. 2.6 over height z, we obtain the logarithmic wind profile:

U(z) = u∗

κ

[
ln
(
z

z0

)]
(2.7)

where U(z) denotes the mean horizontal wind speed at height z, κ is the von Karman
constant and z0 is the aerodynamic roughness length of the surface. z0 is a widely
used parameter in ABL and wind erosion studies that represents the surface’s ability
to absorb momentum and is related to the size of the roughness elements. According
to Eq. 2.7, when z = z0 the mean wind becomes to zero. In the case of a fixed
mean wind speed at z, a larger z0 corresponds to a larger u∗ or greater downward
momentum flux. For non-neutral conditions (stable or unstable), the wind profile
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deviates from the logarithmic relationship. Monin-Obukhov similarity theory (Monin
and Obukhov, 1954) allows for extending the logarithmic wind profile to non-neutral
conditions introducing a correction (e.g. Stull, 1988; Kaimal and Finnigan, 1994;
Arya, 2001; Foken and Napo, 2008; Shao, 2008):

U(z) = u∗

κ

[
ln
(
z

z0

)
− Ψm

]
(2.8)

with Ψm =
∫ ζ

ζ0 [1 − Φm(ζ ′)] dζ′

ζ
, where Φm is the similarity function for momentum, L

is the Obukhov length, ζ = z/L and ζ0 = z0/L. In the case of unstable conditions,
stronger turbulence translates into a more efficient transfer of momentum from higher
to lower levels, increasing the wind speed close to the surface.

2.1.4 Threshold friction velocity, u∗th

There are different forces acting on the soil particles under the influence of an air
stream, including the gravity force, the aerodynamic drag, the aerodynamic lift and
interparticle cohesive forces (electrostatic, capillary and chemical binding forces). The
balance of these forces is affected by a wide range of factors, with particle size being
one of the most significant. Normally, the dominant forces for large, medium and fine
particles are, respectively, the gravity force (proportional to D3), the aerodynamic
force (proportional to D2) and the cohesive forces (proportional to D when considering
only Van der Waals forces in an idealized case). According to their dependence upon
particle size, the decay of the interparticle cohesive forces is slower than that of
gravity and aerodynamic forces (Shao, 2008).

The minimum friction velocity required to set the first particles in motion due
to the fluid action is called the threshold friction velocity, u∗th. When u∗ > u∗th,
the retarding forces (weight and interparticle cohesive forces) are overcome by the
aerodynamic forces, and particle movement is initiated. Bagnold (1941) was the
first to propose an expression to calculate u∗th, based on particle diameter from the
balance between aerodynamic drag and gravity forces, assuming spherical particles.
As a result, u∗th is proportional to D1/2, which is consistent with observations for
grains larger than 100 µm but not for smaller sizes. Wind tunnel experiments revealed
a minimum u∗th for diameters around 60-100 µm and its increase with decreasing
diameters below 100 µm (Chepil, 1951). This increase was explained through cohesive
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forces, whose effect on small particles cannot be neglected and was therefore included
along with aerodynamic lift in new formulations proposed by Iversen and White
(1982) and Greeley and Iversen (1985). Later, Shao and Lu (2000) proposed a simpler
formulation based on a theoretical expression for interparticle cohesive forces, mainly
attributed to van der Waals and electrostatic forces. More recently, Shao and Klose
(2016) proposed a statistical treatment of interparticle cohesion due to the complex
interactions of particle properties affecting this force. On this basis, they assume
that a fraction of particles experiences below-average interparticle cohesion and hence
below-average u∗th, which is most relevant for particles <100 µm. Figure 2.2 shows
u∗th as a function of particle diameter based on the formulations proposed by Greeley
and Iversen (1985); Shao and Lu (2000) and Shao and Klose (2016) together with
some measurements (Bagnold, 1937; Chepil, 1945; Zingg, 1952; Iversen et al., 1976;
Fletcher, 1976a,b; Greeley et al., 2003). Moisture increases the cohesion between soil
particles leading to an increase in u∗th (McKenna-Neuman and Nickling, 1989). This
dependence is affected by the soil texture, especially by the soil clay content (Fécan
et al., 1999).

Figure 2.2: Relationship between threshold friction velocity and particle diameter based on theoretical
expressions and experimental measurements. Figure modified from Shao and Klose (2016).

Traditionally, the u∗th has been used to describe the land surface threshold,
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taking into account both soil and vegetation components. In this context, a drag
partition correction calculated as a function of roughness height (Marticorena and
Bergametti, 1995) or roughness density (Raupach et al., 1993) has been typically
applied to the threshold to represent surface roughness effects on wind erosion.
However, although phenomenologically correct, this approach overestimates the
friction velocity exerted on the bare soil (Webb et al., 2014; Kok et al., 2014).
Alternatively, a so-called “soil” threshold friction velocity can be considered to
describe the soil surface erodibility alone, independent of roughness. In this case, the
drag partitioning between roughness elements and the soil surface can be directly
applied to the friction velocity (Okin, 2008; Webb et al., 2014; Klose et al., 2021;
Leung et al., 2023).

2.1.5 Horizontal or saltation flux, Q

The amount of soil particles that move parallel to the ground in saltation is referred to
as horizontal or saltation flux, Q. Q is defined as the mass of soil particles that crosses
a unit vertical surface of infinite height perpendicular to the eroding surface per unit
time, in wind direction (Marticorena and Bergametti, 1995; Alfaro and Gomes, 2001).
Several studies have focused on the relationship of Q with soil particle size, surface
conditions and u∗, and have proposed different numerical expressions to calculate it
(Gillette, 1974a; Sørensen, 1985; Shao et al., 1993; Greeley et al., 1996; Martin and
Kok, 2017a; Gillies et al., 2018). In most of these expressions Q is proportional to
u3

∗, which agrees with experimental data and theoretical considerations (Gillette and
Morales, 1979; Leys and Raupach, 1991; Shao et al., 1993).

2.1.6 Vertical or emitted dust flux, Femi

The vertical or emitted dust flux, Femi, is defined as the mass of dust particles
crossing a horizontal unit area adjacent to the surface per unit time (Marticorena
and Bergametti, 1995). As described in Sect. 2.2, dust is more efficiently emitted
by impacting saltating grains than directly by aerodynamic forces. Femi is therefore
often related to Q, establishing an indirect relationship between Femi and wind.
Experimentally, it has been found that according to the surface morphology and
land-use, Femi is proportional to un

∗ with n varying from 2.9 to 4.4 (Nickling and
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Gillies, 1989, 1993; Shao, 2008). The relationship between the vertical and horizontal
fluxes, i.e. the ratio between the dust mass ejected by saltation and the mass of the
saltators is called the sandblasting efficiency, α.

2.2. Mechanisms of dust emission

The entrainment of particles into the atmosphere depends on the balance of the forces
acting upon the soil particles resting on the Earth surface. Therefore, the following
three physical mechanisms proposed for dust emission are closely related to these
forces (gravity, aerodynamic and cohesive forces) and their relative importance.

2.2.1 Aerodynamic entrainment

Loose particles at the surface can be lifted by aerodynamic forces (Fig. 2.3a). The
efficiency of aerodynamic dust entrainment is relatively low due to the generally
strong interparticle cohesive forces acting on dust-sized particles (Loosmore and Hunt,
2000). However, due to the various factors contributing to interparticle cohesion,
it can be expected that a fraction of the surface particles exhibits a substantially
smaller-than-average cohesion. Dust particles can then be entrained directly by
aerodynamic forces (Roney and White, 2004; Macpherson et al., 2008; Klose and
Shao, 2013; Parajuli et al., 2016). This process is likely most pronounced under
unstable atmospheric conditions, where atmospheric turbulence generates intense
localized surface shear stresses, even under weak mean wind conditions (Klose and
Shao, 2013; Klose et al., 2014).

2.2.2 Saltation bombardment or sandblasting

Wind forces set in motion sand grains or aggregates that strike the surface in a
hopping motion called saltation. Often these local impacts are strong enough to
break the binding forces that keep dust particles at the surface and eject them into
the air (Gomes et al., 1990; Shao et al., 1993; Alfaro et al., 1997)(Fig. 2.3b). Whether
particles are transported in saltation or in suspension is determined by the balance
between the u∗th and the terminal velocity of a particle (resulting from the equilibrium
of the gravitational and drag forces). Experimentally, saltation bombardment was
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Figure 2.3: Dust emission mechanisms. (a) Aerodynamic entrainment. (b) Saltation bombardment.
(c) Aggregates disintegration. Particle colors represent dust mineralogy. Figure modified from Shao
(2008)

found to produce one order of magnitude more dust than aerodynamic entrainment
(Shao et al., 1993). As dust emission through saltation bombardment is known to
be very efficient, it is the main mechanism described in most theoretical frameworks
(Sect. 2.3).

2.2.3 Aggregate disintegration or auto-abrasion

Under natural conditions saltating particle aggregates might be disintegrated when
they impact the ground, leading to dust emission (Shao, 2008; Kok, 2011a)(Fig.
2.3c). The significance of this mechanism is likely comparable to that of saltation
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bombardment (Shao, 2004, 2008).

2.3. Theoretical frameworks to estimate dust
emission and its PSD

In the last decades different theoretical frameworks have been developed to represent
dust emission, based on one or more of the mechanisms described in Sect. 2.2, and
the PSD of the emitted dust. Given the significant role of saltation bombardment in
dust emission (Shao et al., 1993), most of these theoretical frameworks include: (1) a
quantitative characterization of saltation intensity based on specific wind, surface, and
soil conditions; and (2) a description of the relationship between the dust emission
rate and the intensity of saltation.

Moreover, each of these theoretical frameworks relies on specific assumptions or
simplifications, making their implementation as emission schemes in models possible,
but introducing inherent limitations. It is worth noting that these schemes can be
categorized into two types: bulk schemes and spectral schemes. Bulk schemes predict
the overall dust emission rate and then typically assume a prescribed emitted dust
PSD, that can be empirically or theoretically based, whereas intrinsically spectral
schemes directly predict dust emission rates for different particle size ranges or
bins. In turn, all these schemes range from formulations that are simplified and
semi-empirically based (e.g. Gillette and Passi, 1988; Marticorena and Bergametti,
1995) to those that aim to represent the physics of the emission processes (e.g. Shao
et al., 1993, 1996; Lu and Shao, 1999; Alfaro and Gomes, 2001; Shao, 2004; Shao
et al., 2011a; Kok et al., 2014; Klose et al., 2014).

First theoretical frameworks trying to represent the physics of dust emission
focused on the parameterization of the saltation bombardment. On the basis of how
dust emission was related to saltation, these first frameworks were classified into
energy-based and volume-removal based.

In the original energy-based theoretical framework the difference of kinetic
energy between the saltators impacting the surface and the particles ejected after the
collision was related with the binding energy required to break the interparticle bonds
between the dust grains. Several dust emission schemes used in models have been
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developed in the past within this theoretical framework, including those formulated by
Shao et al. (1993, 1996) and Alfaro and Gomes (2001). The concept of binding energy
provides an alternative to the utilization of cohesive forces, as the latter approach
requires determining the directions of these forces. However, accurately determining
the binding energy between dust particles is challenging on either theoretical or
experimental grounds. On the one hand, its theoretical estimates vary significantly
across a broad range of values (Shao and Leslie, 1997). On the other hand, during the
particle-surface collision, the kinetic energy of saltating particles is not conservative,
as a proportion of it converts to heat (Shao et al., 1993). Furthermore, other factors
including static electricity, moisture content, and the presence of salt also influence
the binding energy (Shao, 2001). A more recent energy-based scheme was developed
by Kok et al. (2014). In this case, it was assumed that dust emission is only generated
when the impact energy of a saltator surpasses the energy required for dust aggregate
fragmentation. This scheme is not valid for soils for which the horizontal saltation
flux at a given point in time is limited by the availability of sand-sized sediment.
Additionally, the application of this scheme for very erosion-resistant soils, such as
crusted soils, and for soils in which dust emission is dominated by any specific process
other than fragmentation might be limited.

The volume-removal based theoretical framework also considers saltation as the
main mechanism for dust emission but eliminates the need to calculate the particle
binding energy. This framework, supported by high-speed photography during some
wind-tunnel experiments (Rice et al., 1996a,b), assumes that when a saltator impacts
the surface, it generates a crater whose volume is proportional to the ejected dust.
Therefore, the dust emission resulting from numerous saltating particles can be
estimated by a superposition of the individual impacting events. In this case, the
sandblasting efficiency depends on soil texture and soil plastic pressure (representing
the soil resistance to particle impacts). Examples of dust emission schemes used
in models developed within this theoretical framework include those formulated by
Lu and Shao (1999); Shao (2001, 2004); and Shao et al. (2011a). The limitation
of this theoretical framework stems from the lack of global-scale measurements of
soil plastic pressure, which leads to make assumptions about its value based on few
measurements (Zimbone et al., 1996; Rice et al., 1997; Goossens, 2004).

The schemes described above do not take into account the dust emitted by
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aerodynamic entrainment. Klose and Shao (2012) and Klose et al. (2014) developed
a parameterization to represent the aerodynamic entrainment of dust by convective
turbulence that takes place without saltation.

Concerning the representation of the PSD at emission, the schemes developed by
Alfaro and Gomes (2001) and Shao (2001, 2004) agree in that the emitted dust PSD
should shift towards finer sizes with increasing wind speed. Alfaro and Gomes (2001)
parameterizes the emitted dust PSD using three log-normal modes. The proportions
of these modes are determined by both the binding energy of the soil aggregates and
the kinetic energy of the saltators that impact the soil. As wind speed increases, the
kinetic energy of the saltators also increases, resulting in the release of finer particles
due to more energetic impacts with the ground. Shao (2001, 2004) assume that the
PSD of the emitted dust depends on the minimally-disturbed and fully-disturbed
soil size distributions and varies with wind intensity. The stronger the erosion event,
the more dust contained in aggregates can be released since the increase in wind
speed is seen as an extra supply of energy that allows disaggregation and therefore,
an enrichment of finer emitted particles.

An alternative theoretical framework for representing the dust PSD at emission
is based on the analogy with the fragmentation of brittle materials (Kolmogorov, 1941;
Åström, 2006). Two examples of schemes developed within this theroretical framework
are those formulated by Kok (2011a) and Meng et al. (2022). When a brittle material
such as glass or gypsum receives a large amount of energy, it can be fragmented into
smaller particles of different sizes. Kok (2011a) applies this concept to the release
of dust particles from the soil or from saltating aggregates. The advantage of this
framework is that the size distribution of the resulting fragments follows a potential
law (Åström, 2006) and is thus scale invariant (Bak et al., 1987). This means that
in contrast to other theories, this theoretical framework assumes that the PSD of
the emitted dust does not depend on either wind speed or the minimally-disturbed
soil PSD. However, this theory is not applicable for aerodynamically lifted dust, for
very cohesive soils, or for dust larger than ∼20 µm in diameter, whose emission is not
always due to fragmenting impacts. Very recently this theory has been extended to
account for these coarser particles (Meng et al., 2022). This updated parameterization
has been implemented in the Community Earth System Model (CESM) and although
it reproduces the abundance of dust larger than ∼20 µm in diameter close to dust
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source regions, the CESM model still substantially underestimates it in dust outflow
regions. Meng et al. (2022) suggests that the underestimation of the presence of dust
with diameters larger than ∼20 µm by models is in part due to its underestimation
at emission. In Sect. 2.4 I focus on the current observations of the emitted dust PSD
and its variability.

2.4. The dust particle size distribution and its
variability at emission

As described in Sect. 2.3 some theoretical frameworks predict a higher proportion
of emitted fine particles with increasing wind speed during saltation along with
dependencies of the PSD on soil properties (Alfaro and Gomes, 2001; Shao, 2001,
2004). In contrast, the emitted PSD is posited to be relatively independent of
wind speed and soil properties in another theoretical framework, based on Brittle
Fragmentation Theory (BFT) (Kok, 2011b; Meng et al., 2022). These theoretical
frameworks aim to capture our knowledge of the emitted dust PSD and its variability.
However, this knowledge remains still quite uncertain regarding: (1) the sensitivity of
the emitted dust PSD to u∗, and (2) whether the dependence of the emitted dust PSD
with u∗ varies between dust emission occurring under transport-limited conditions,
where sediment entrainment is controlled by the wind force and other aerodynamic
factors such as ABL stability, and under supply-limited conditions, in which sediment
entrainment is controlled by the amount of loose erodible material at the soil surface.
Our knowledge is based on available limited measurements of the emitted dust PSD.

These measurements have been conducted in near source areas, typically on
surfaces that are considered “near-ideal” for dust emission, i.e. bare agricultural
fields or unvegetated surfaces with near-unlimited supply of loose erodible material,
and fetch sufficient for transport-limited equilibrium saltation (Gillette et al., 1972;
Gillette, 1974b; Gillies and Berkofsky, 2004; Zobeck and Van Pelt, 2006; Fratini et al.,
2007; Sow et al., 2009; Shao et al., 2011a; Huang et al., 2019; Dupont et al., 2021),
but sometimes also in presence of sparse vegetation and crusts (e.g. Klose et al., 2019;
Webb et al., 2021). Additionally, wind tunnel experiments have been carried out
recreating dust emission under controlled conditions, enabling the assessment of the
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sensitivity of dust PSD to different factors (i.e. temperature, moisture, saltators and
bed composition) (Gillette et al., 1974; Shao et al., 1993; Rice et al., 1996b; Alfaro
et al., 1997, 1998; Alfaro, 2008; Wang et al., 2021a).

Available measurements of the emitted dust PSD show discrepancies in its
variability. On the one hand, most wind tunnel experiments have reported a higher
proportion of emitted fine particles with increasing wind speed during saltation
(Alfaro et al., 1997, 1998; Alfaro, 2008; Wang et al., 2021a). Additionally, a study
based on in situ measurements conducted by Sow et al. (2009) in a bare agricultural
field also found a significant enrichment of fine particles in the diffusive flux PSD
during a convective dust event, which was more energetically driven, compared to
two Monsoon dust events with lower energy. However, the diffusive flux PSDs during
each event appeared to be independent of u∗. In view of the fact that these events
took place a year apart, the differences could be attributed to changes in soil surface
conditions, such as soil moisture and soil aggregation.

By analysing in situ measurements conducted under near-idealized conditions for
dust emission Kok (2011a) and Kok et al. (2014) suggest that there is no statistically
significant dependence of the emitted dust PSD on u∗ (Gillies and Berkofsky, 2004;
Zobeck and Van Pelt, 2006; Fratini et al., 2007; Sow et al., 2009; Shao et al., 2011a;
Park et al., 2011). This finding is supported by empirical investigations (e.g. Creyssels
et al., 2009; Martin and Kok, 2017b) and theoretical models that show that mean
saltator impact speed, which determines bombardment intensity, exhibits minimal
dependence on mean wind speed during equilibrium saltation (Durán et al., 2011;
Kok et al., 2012). However, some studies have identified potential conditions leading
to variability in the emitted dust PSD with u∗ including limited-supply of loose
erodible material, i.e. crusted surfaces (Gillette and Chen, 2001; Klose et al., 2019),
variability in turbulent momentum fluxes from surface roughness and buoyancy in
the ABL (Dupont et al., 2019; Li and Bo, 2019) and variability in cohesive properties
of soil that influences surface deformation, and abrasion during saltation (Houser
and Nickling, 2001). A recent study based on in situ measurements from vegetated,
supply-limited aeolian systems shows a dependence of the dust PSD at emission on
u∗ , particularly the fine fraction (<5 µm in diameter) (Webb et al., 2021). As a
result, this finding supports the hypothesis that the lack of dependence of the PSD
on u∗ may not be generalizable to crusted soils with vegetation.
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In addition, in recent years there has been also growing questioning regarding
the influence of atmospheric stability on the dust PSD at emission. A study conducted
by Khalfallah et al. (2020) suggested that the diffusive flux measured between 2 and
4 m above the eroding surface was sensitive to the thermal stratification of the SBL.
The authors interpreted these findings as indicative of the dependency of the particle
eddy diffusivity on both the particle size and the thermal stability. In view of these
results, Shao et al. (2020), re-analyzed the data from the Japan-Australian Dust
Experiment (JADE), focusing on 12 specific events. Among these events, three were
singled out as case studies due to their contrasting thermal stratification or different
surface state. This re-analysis supported the dependency of the dust PSD at emission
not only on thermal instability but also on wind speed. To explain these results
the authors suggested that in unstable conditions the wind speed exhibited greater
variability compared to neutral conditions. Consequently, at similar average u∗, wind
speed peaks at higher values in unstable surface layers, transmitting more kinetic
energy to saltating soil aggregates and resulting in the emission of finer dust particles.
The significance of the atmospheric stability in shaping the dust PSD at emission
has also been acknowledged in a recent study by Alfaro et al. (2022), while it has
been contradicted by Dupont (2022). Dupont (2022) discussed and investigated the
arguments given by Khalfallah et al. (2020) and Shao et al. (2020) using the WIND
erOsion in presence of sparse Vegetation (WIND-O-V) 2017 data set. Dupont (2022)
found the transfer velocity of sub-micrometre dust to be similar to that of coarser
dust, thus not observing an enhanced vertical turbulent transport of sub-micrometre
dust in unstable conditions. Also, Dupont (2022) suggests that the fluctuations in the
PSD of the emitted dust were likely caused by changes in the surface soil conditions
and/or the energy needed to release particles from soil aggregates, rather than an
improved eddy diffusivity of sub-micrometre dust. Concerning the argument given by
Shao et al. (2020), Dupont (2022) found it to be applicable only during the transition
between windy and free convection regimes when u∗ is close to its erosion threshold
value. However, this intermediate regime appears more convective than the erosion
event from which this explanation was proposed.

When comparing the existing emitted dust PSD measurements and studying its
variability, it is important to understand their different measurement techniques along
with the associated limitations and uncertainties. One of the limitations of the wind
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tunnel experiments is that the majority of them lack the ability to represent convective
turbulence (Zhang et al., 2022). Concerning the techniques frequently employed for
measuring PSD in the literature, they can be categorized into five groups, depending
on the underlying principles utilized in particle size measurements (Hinds, 1999).
Here are examples of instruments that work based on each method: (1) Aerodynamic
method: aerodynamic particle sizer and cascade impactors; (2) Optical method:
optical particle counters (OPCs), light scattering particle analyzers, and dynamic
light scattering instruments; (3) Electrical sensing zone method: coulter counter; (4)
Electrical mobility and condensation method: differential mobility analyzer combined
with condensation nuclei counter, and scanning mobility particle sizer; (5) Electron
microscopy: scanning electron microscope and transmission electron microscope.
Depending on the instrument used, PSDs in the literature are reported based on
different types of diameter (described in Chap. 1.4.3). For example, optical sizing
instruments use the optical diameter while coulter counters use geometric diameter. It
is important to be aware of the specific diameter used in the measurements to ensure
accurate comparisons. During the first intensive dust field campaigns, most dust
PSD observations were obtained through the analysis in the laboratory of samples
collected on filters. Technological advancements have facilitated the continuous and
high-temporal-resolution measurement of dust PSD using OPCs, whose measurements
are still in many cases complemented by the analysis of filter samples.

One of the most important challenges in studying the dust PSD at emission is
the presence of particles with diameters larger than 10 µm. The emission of these
particles is associated with greater uncertainty compared to smaller particles for
several reasons. Firstly, accurately measuring these particles is more challenging due
to their substantial inertia, resulting in significant losses during sampling through
inlets and transmission to particle samplers (Adebiyi et al., 2023). As a result, there
are fewer available measurements for analysis. Secondly, the lower abundance of
particles in these size ranges leads to increased uncertainties. Lastly, the physics
governing the emission of these larger particles introduce additional complexities.
Notably, these particles exhibit substantial terminal fall speeds, ranging from 0.5
to 50 cms−1, resulting in a non-negligible dry deposition effect upon the calculated
diffusive fluxes (Dupont et al., 2015; Fernandes et al., 2019; Adebiyi et al., 2023).

When discussing about the emitted dust PSD it is important to distinguish
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between the PSD of dust suspended in the air (concentration) and the PSD of the
emitted dust flux, although in many studies they are used indistinctly. Ideally the
emitted dust PSD would be the PSD of dust suspended in the air at dust source
at height zero. However, to my knowledge this has never been measured, and it
is typically approximated based on the diffusive dust flux obtained from measured
concentrations at some, often different, heights (Shao et al., 2020). The diffusive dust
flux PSD describes how vertical dust concentration gradient depends on particle size.
It is calculated using flux-gradient (FG) or eddy covariance (EC) methods (Gillette
et al., 1972; Stull, 1988; Fratini et al., 2007; Foken and Napo, 2008; Wang et al.,
2017a). The FG method offers the advantage of relying solely on local mean quantities,
eliminating the need for high-frequency measurements. Only the measurements of
mean dust concentration at two different heights and the mean wind velocity profile
are required. However, this method is dependent on several assumptions, including a
constant flux layer and the assumption of similarity in turbulent transport between
dust and momentum (Dupont et al., 2021).

The EC method offers an alternative to the FG method, as it provides a direct
approach to estimate diffusive dust flux without relying on assumptions about eddy
diffusion coefficients or empirical constants for thermal stratification, unlike the
FG method. Nevertheless, the main challenge of the EC method arises from the
difficulty of simultaneously measuring high-frequency wind velocity components and
particle concentration. Additionally, the EC method assumes that particles behave
like gases, meaning that they passively follow turbulent motions. However, for dust,
this assumption only holds for particles smaller than 10 µm in diameter (Fratini et al.,
2007). Larger particles are not easily carried by turbulent eddies due to their inertia
and gravity, resulting in a phenomenon known as the particle trajectory crossing
effect (Csanady, 1963; Fratini et al., 2007; Shao, 2008). The recent study conducted
by Dupont et al. (2021) presents the first intercomparison between these two methods
to estimate size-resolved diffusive dust fluxes during several erosion events. This
study concludes that both methods yield similar predictions for particles smaller than
about 4 µm in diameter while for coarser particles, the EC method predicts a smaller
diffusive flux than the FG method.

Figure 2.4 shows a typical example for the set-up needed to measure the
diffusive flux through the FG and EC methods in a source region, and a schematic
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representation of the surface and near-surface fluxes. At the surface, we have the
emitted dust flux, Femi, and the dry deposition flux, Fdep, while at the intermediate
level between the two instruments measuring dust concentrations (on the right) which
coincides with the height of the instruments measuring dust concentration and wind
at high resolution (on the left), there are the diffusive flux, F , and the gravitational
settling flux, Fg.

Figure 2.4: Illustration of the set-up needed for measuring diffusive flux through the FG and EC
methods in a source region along with a schematic representation of the surface and near-surface
fluxes. A few meters above the surface there are the diffusive flux, F , and the gravitational settling
flux, Fg, while at the surface there are the emitted flux, Femi, and the dry deposition flux, Fdep.

It is worth noting that most studies often relate the diffusive flux PSD to the
emitted dust flux at the surface, assuming a constant dust flux layer and neglecting
gravitational settling and turbulent dry deposition (Dupont et al., 2021). The
gravitational settling term is assumed to be small for dust smaller than ∼ 10 µm in
diameter (Fratini et al., 2007). The diffusive flux PSD is afterward used directly
to constrain or evaluate some of the dust emission schemes presented in Sect. 2.3,
neglecting the deposition component of the net dust flux at the surface. However,
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recent modelling studies conducted by Dupont et al. (2015) and Fernandes et al.
(2019) revealed a higher amount of small particles in the modelled diffusive flux PSD
compared to the modelled emitted dust PSD. This enrichment in small particles was
observed to remain below a few percent of the total diffusive dust flux (in number)
for fetch distances less than 100 m, while for fetch distances longer than 1 km, this
enrichment could exceed 10 %. Note that the fetch length is defined as the distance
between the measurement location and the upwind border of the source area (Dupont
et al., 2021). These modelling studies suggested that dry deposition modulated by
the fetch length may have a significant impact on the diffusive flux PSD and could
potentially explain the differences observed between the modelled diffusive flux and
emitted flux PSDs.

The dry deposition of dust particles involves multiple physical processes, with
gravitational settling, turbulent diffusion, interception and inertial impaction being
the most prominent ones (Junge, 1963; Sehmel, 1980; Shao, 2008; Bergametti et al.,
2018). The majority of dust transport models employ resistance-based dry deposition
parameterizations, which combine gravitational settling velocity, vg, with different
types of resistances that counteract the deposition, including aerodynamic resistance,
Ra, and surface collection resistance, Rs. The way in which the different deposition
processes and their combination are represented can significantly vary among different
parameterizations (e.g. Giorgi, 1986; Zhang et al., 2001; Petroff and Zhang, 2010;
Kouznetsov and Sofiev, 2012; Zhang and Shao, 2014; Fernandes et al., 2019). Most of
these dry deposition parameterizations are calibrated with deposition data collected
in wind tunnel experiments rather than direct measurements performed close to the
dust source regions. This approach is due to the fact that measurements carried out
under natural emission conditions present additional technical challenges and, as a
result, are scarce (Lamaud et al., 1994; Goossens and Rajot, 2008; Marticorena et al.,
2017; Bergametti et al., 2018). Nevertheless, while wind tunnel experiments have
been valuable in validating dust deposition schemes over the past few decades, they
do have limitations, and discrepancies between field observations and wind tunnel
experiments exist and require further analysis (Zhang and Shao, 2014). Consequently,
dry deposition parameterizations are affected by large uncertainties (Huneeus et al.,
2011; Zhang et al., 2019).

As far as I know, up to now the influence of dry deposition on shaping the
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PSD at emission has been only assessed by a few modelling studies (Dupont et al.,
2015; Fernandes et al., 2019), but it has never been evaluated with observations.
Nevertheless, given the importance of an accurate parameterization of the dust PSD
at emission, it is clear that the role of dry deposition should be further explored with
experimental data. If the potentially significant impact of dry deposition is confirmed,
corrections to the diffusive flux PSD might be needed before using it to constrain
dust emission schemes.

In summary, despite the advancements performed in the last decades regarding
the physics of dust emission, specifically concerning the emitted dust PSD and its
variability, there are still some open questions and challenges. To address these
gaps and further enhance our comprehension of the size resolved dust emission
under varying meteorological and soil conditions, additional detailed and targeted
measurements are needed. In this context, as detailed in Chap. 4, several intensive
dust field campaigns have been recently conducted. This thesis, as described in
Chaps. 3 and 4, aims at addressing some of these unresolved questions based on the
measurements performed during one of these recent campaigns.
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Chapter 3

Objectives and structure

3.1. Main objectives

The overall aim of this thesis is to improve our fundamental and quantitative
understanding of the emitted dust PSD and its variability, based on measurements
from an intensive dust field campaign conducted in Morocco in 2019 in which I
participated actively. This aim is addressed through the specific objectives detailed
below.

• Identify and characterise the dust events occurred during the campaign based
on the near-surface boundary layer conditions, bulk diffusive and saltation
fluxes, and sandblasting efficiency at the experimental site.

• Quantify the size-resolved diffusive dust flux and its uncertainty from dust
concentration measurements.

• Determine the variability of the PSDs of dust concentration and diffusive flux,
and identify their potential drivers.

• Understand quantitatively the role of dry deposition upon the diffusive flux
PSD and its variability.

• Estimate the emitted dust flux PSD.

• Compare the PSDs of dust concentration, diffusive flux, estimated emitted flux,
and available observationally constrained theoretical references.

3.2. Thesis structure

Most of the content of this thesis has been recently published in a high-impact
open access journal in the scientific field of atmospheric physics from the European
Geoscience Union, namely Atmospheric Chemistry and Physics: González-Flórez
et al. (2023).
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Besides the current Part I: Introduction, this thesis is structured into three
additional parts that aim at achieving the described goals.

Part II: Data and methods. This part comprises Chapter 5, which provides
the characteristics of the specific location chosen to perform the dust field campaign
in Morocco in 2019, as well as the instrumentation employed, and the data analysis
and treatment methods utilized throughout this thesis.

Part III: Results and discussion. This part is divided into 6 chapters
that tackle the specific objectives of this thesis. Chapter 6 presents an overview
of the near-surface boundary layer conditions and dust events occurred during the
campaign. Chapter 7 focuses on the bulk saltation and diffusive fluxes as well as
the sandblasting efficiency at the experimental site. Chapter 8 makes an exhaustive
analysis of the concentration and diffusive flux PSDs and its variability with u∗,
wind direction and type of dust event (regular or haboob). Chapter 9 discusses
the potential mechanisms that may explain these PSD variations including the effect
of dry deposition modulated by the fetch length, aggregate disintegration during
wind erosion, and the impact of the haboob gust front. Chapter 10 analyses in
detail the role of dry deposition on shaping the dust concentration and diffusive
flux PSDs, which had already been suggested in numerical simulations but never
confirmed with experimental data. Dry deposition flux is estimated based on a
resistance-based parameterization of dry deposition velocity, and then employed to
estimate the emitted dust flux PSD. Finally, Chapter 11 tackles the last specific
objective by making a comparison between the measured PSDs of dust concentration,
diffusive flux, estimated emitted flux and observationally constrained theoretical
references.

Part IV: Discussion and conclusion. This part is composed by Chapter
12 that presents a summary of the main outcomes of this thesis and some ideas for
the continuation of this work.

Finally, Part V: Appendices contains 6 appendices to support the information
given in the chapters.
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Context and scope

This PhD thesis has been conducted in the Earth Sciences department of the Barcelona
Supercomputing Center (BSC) within the context of the ERC project “FRontiers
in dust minerAloGical coMposition and its Effects upoN climaTe” (FRAGMENT).
FRAGMENT is a multidisciplinary project that combines theory, field measurements,
laboratory analyses, remote spectroscopy and modelling to quantify the global
mineralogical composition of dust and its effects upon climate. The project is
coordinated and led by Dr. Carlos Pérez García-Pando, co-leader of the Atmospheric
Composition (AC) Group within the Earth Sciences department at BSC, who, together
with Dr. Martina Klose, the head of the Helmholtz Young Investigator Group “A
big unknown in the climate impact of atmospheric aerosol: Mineral soil dust” at the
Karlsruhe Institute of Technology (KIT), have advised my thesis. In addition to the
AC Group at BSC, the main team includes experts on modelling from the NASA
Goddard Institute for Space Studies, on field measurements and laboratory analyses
from the Institute of Environmental Assessment and Water Research at the Spanish
Research Council (IDAEA-CSIC), the Technical University of Darmstadt (TUDA,
Germany) and the KIT, and on spectroscopy from the Planetary Science Institute
(PSI, USA), the California Institute of Technology (Caltech, USA) and the NASA
Jet Propulsion Laboratory (JPL, USA). The list of collaborators has grown since
the beginning of the project and includes researchers from Desert Research Institute
(DRI, NV, USA), Institut National de la Recherche Agronomique (INRAE, France),
Agricultural University of Iceland and Cadi Ayyad University (Morocco).

4.1. Objectives of FRAGMENT

FRAGMENT has set three major objectives to address three major key challenges
(Fig. 4.1). The first objective is to reduce the uncertainties related to dust emission,
focusing on the emitted dust PSD and sized-resolved mineralogy, and its relationship
with the parent soil. For this purpose, the project has conducted several coordinated
field campaigns in different dust source regions of the world, collecting samples of
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dust particles and soils. These samples are undergoing thorough laboratory analyses,
which serve two purposes: to delve deeper into the current theories about the physical
processes related to dust emission, and to assess the validity of these theories.

Figure 4.1: Objectives and methods set by FRAGMENT project. Image credit: C. Pérez
García-Pando, principal investigator of FRAGMENT.

The second objective is to improve soil mineralogy global atlases for
implementation in Earth System models. To that end, the project is evaluating
airborne hyperspectral imaging conducted during the campaigns. These results
will be helpful for validating the high-quality and high-resolution spaceborne
hyperspectral measurements that are being performed as part of the “Earth Surface
Mineral Dust Source Investigation” (EMIT) project. EMIT is a project funded
by NASA that mounted an advanced imaging spectrometer to the exterior of the
international space station in July 2022, with the objective of determining the
mineral composition of dust sources that produce dust aerosols at global scale. The
PI with other members of FRAGMENT are part of the science team of EMIT.

The third objective is to assess the role of dust mineralogy upon clouds,
atmospheric chemistry and radiation. For this purpose modelling experiments are
being carried out using the Multiscale Online Non-hydrostatic AtmospheRe CHemistry
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model (MONARCH) (Pérez et al., 2011). By applying data assimilation techniques,
the new constraints on the emitted PSD and mineralogy derived from the field
measurements are taken into account.

The topic and goals of my thesis, explained in Chap. 3, fall within the scope of
the first objective of FRAGMENT.

4.2. Locations of FRAGMENT field campaigns

FRAGMENT has performed an unprecedented set of field campaigns from an
interdisciplinary point of view in coordination with other international projects and
research centers (Fig. 4.2). These campaigns have been motivated by the incomplete
understanding of the physical processes and the paucity and incompleteness of
available measurements, introduced in Chap. 2. The locations chosen for conducting
these campaigns met several key criteria including accessibility, dust source areas,
variety of soil types, textures and landforms, local/regional collaborators that helped
with the logistics, and relevance to respond to different open questions in the literature.

Before the campaigns, we conducted two weeks of tests in a relatively dry region
in Aragón (Spain) during the first half of 2019. Aragón was chosen as the test location
due to its proximity to Barcelona and the potential susceptibility to wind erosion
of agricultural plots under strong Cierzo wind events (Gomes et al., 2003a). The
testing phase involved activities such as instrument installation, evaluation of required
supplies and energy consumption, development of device and field procedures, and
identification of potential improvements.

The first field campaign took place at “L’ Bour”, a dry lake located at the
edge of the Sahara in Morocco. The campaign was organized with the collaboration
of the Cadi Ayyad University in Marrakesh. The location of the campaign was
relatively close to Tinfou and Zagora, where the Saharan Mineral Dust Experiment
(SAMUM) I (Heintzenberg, 2009) took place and where a meteorological station
was installed within the enerMENA Project (Schüler et al., 2016). This thesis is
based exclusively on the measurements obtained during this specific field campaign.
Additional information regarding this campaign is provided in Chap. 5.

The second and third field campaigns were initially planned for spring 2020 in
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Figure 4.2: Time and locations of FRAGMENT field campaigns

the Mojave National Preserve (California, USA) and for summer 2020 in the desert of
Dyngjusandur (Iceland), respectively. However, due to the COVID-19 pandemic and
the resulting lockdowns and travel restrictions, both campaigns had to be postponed.
Finally, the field campaign in the desert of Dyngjusandur (Iceland) was conducted
in summer 2021. This campaign was mainly a joint effort between the projects
FRAGMENT and HiLDA (“Iceland as a model for high-latitude dust sources – a
combined experimental and modelling approach for characterization of dust emission
and transport processes”) funded by the German Science Foundation. Other projects
involved to a lesser extent in this campaign were funded by the NASA Jet Propulsion
Laboratory, the Helmholtz Association of German Research Centers, the Icelandic
Centre for Research and the Czech Science Foundation. As mentioned in Chap.
1.1, although most dust emissions occur predominantly in the subtropics, recent
estimates suggest that up to 5% is emitted form cold high latitude sources (Bullard
et al., 2016). In particular, Iceland is the largest Arctic as well as European desert
(Dagsson-Waldhauserova et al., 2014), which significantly influences glacier albedo,
ocean productivity, and arctic cloud formation (Meinander et al., 2016; Arnalds
et al., 2016; Sanchez-Marroquin et al., 2020). The measurements obtained during
this campaign provide a unique opportunity to rigorously test dust emission theories
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in an environment with distinct soil properties and conditions that differ greatly from
those observed in arid source regions at mid-latitudes.

The originally planned campaign in the Mojave National Preserve (California,
USA) was replaced by only a week of soil sampling in spring 2022. This region has
multiple environments for dust emission, including dry ephemeral washes, interdune
areas, and exposed lake sediments. The main reason for performing a campaign in
the USA was the existing availability of airborne hyperspectral imaging spectroscopy
measurements (Kruse et al., 2003; Hamlin et al., 2011). In addition, EMIT has
recently produced its initial mineral maps, allowing the FRAGMENT measurements
to be used for verifying the accuracy of EMIT’s measurements.

The fourth and last field campaign called J-WADI (Jordan Wind erosion And
Dust Investigation) was conducted North of Wadi Rum in Jordan in autumn 2022.
This region is characterised by a multitude of valleys with varying widths, separating
sandstone formations. During periods of heavy rainfall, sediments are transported
downstream and accumulate in the desert plain, forming mud flats and salt lakes that
are susceptible to be eroded when the dry season arrives (Powell et al., 2014; Yusuf,
2007). This campaign was co-organized between FRAGMENT and the Helmholtz
Young Investigator Group “A big unknown in the climate impact of atmospheric
aerosol: Mineral soil dust” in collaboration with the University of Jordan and mineral
dust experts from multiple institutions across Europe, Jordan, and the USA. Giant
dust particles were of special interest during this campaign.

Except for the American campaign, all campaigns lasted approximately one
month.

4.3. My role in the field campaigns

Throughout my PhD thesis, I have strongly contributed to the implementation
and evaluation of the FRAGMENT field campaigns, particularly those in Morocco
and Iceland. My involvement in the campaigns has encompassed various tasks and
responsibilities, starting with a climatological analysis of field campaign locations
based on available data such as satellite remote sensing, in-situ observations and
model reanalyses. In addition, I became acquainted with the instruments and their
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operation before the campaigns which involved technical meetings, outdoor tests at
the IDAEA-CSIC facilities and in Aragón, and instrument maintenance, inventory
and packaging. I was present throughout the entire measurement periods in both
the Moroccan and Icelandic field campaigns, participating actively in instrument
deployment and routine measurements, following established protocols. These tasks
were shared with the experimental FRAGMENT team, particularly with two other
PhD students from BSC/IDAEA-CSIC and TUDA. Figure 4.3a shows a picture of
most of the people involved in the field campaign in Morocco and in Fig. 4.3b, I
appear downloading meteorological data from the datalogger.

After the field campaigns, I focused on processing the data from the
meteorological instruments and optical particle counters. Details of the data analysis
and data treatment are included in Chap. 5.

Figure 4.3: (a) Most of the FRAGMENT team during the first field campaign in Morocco. (b)
Myself downloading the meteorological data.
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Chapter 5

The FRAGMENT dust field
campaign in the Moroccan Sahara

5.1. Climatological analysis before the campaign

The specific location and time period for the field campaign in Morocco was selected
considering both scientific criteria, which involved assessing available data from
satellite remote sensing, in-situ observations, and model reanalyses, as well as logistical
considerations such as the procurement of permits and accessibility. In addition,
some members of the group conducted an exploratory trip and consulted with local
people a few months prior to carrying out the campaign.

I analysed in advance the available in-situ observations close to Zagora, Tinfou
and M’Hamid El Ghizlane from Automated Weather Stations (AWS) maintained
by the IMPETUS and FENNEC projects (Christoph et al., 2008; Washington et al.,
2012; Schulz and Fink, 2016) and the enerMENA initiative (Schüler et al., 2016). The
goal was to determine the time periods and locations with the highest probability of
dust emission occurrence in that region. Figure 5.1 shows the annual average cycles
of mean wind speed at 3 m height and precipitation and maximum and minimum
temperature at 2 m height at the Jebel Brahim AWS. This AWS was the closest one to
M’Hamid El Ghizlane and had available data every 15 min during most of the period
from 2002 to 2011 (Schulz and Fink, 2016). This dataset allowed identifying two
prominent peaks of monthly mean wind speeds: the highest peak reaching ∼4 m s−1

in spring followed by a peak of ∼3.9 m s−1 at the end of summer and the beginning
of autumn. Maximum monthly mean temperatures exceeding 40 °C were recorded
during July and August, and monthly accumulated precipitation mostly remained
below 10 mm, which is typical for a desert area, with a peak occurring in October.

Determining the prevailing wind direction beforehand was crucial to define
instrument locations at the selected field site, avoiding shadowing between instruments.
Figure 5.2 illustrates that the South West and North East were the most frequent
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Figure 5.1: Average annual cycles of wind speed at 3 m height and monthly cumulative precipitation
and temperature (minimum and maximum) at 2 m height at the Jebel Brahim AWS. In (a) the
horizontal orange lines within each boxplot represent the median, and the orange points indicate
the mean. Data from Schulz and Fink (2016).

wind directions throughout the year at the Jebel Brahim AWS. Additionally, the
strongest winds, exceeding 6 m s−1, were predominantly observed in spring and
autumn, originating from the South West.

Figure 5.3 shows the mean daily wind cycle for each month. April, which
exhibited the highest monthly mean wind, displayed its maximum peak at 15 LT
(local time), whereas May, the month with the second highest monthly mean wind,
featured two peaks: a primary peak at 18 LT and a secondary peak at 10 LT. April,
along with August and September, exhibited the highest mean daily wind peak,
surpassing 5 m s−1, occurring between 15-18 LT.

The wind at the Jebel Brahim AWS was afterwards compared with ERA5
and ERA-Interim global reanalysis data (Balsamo et al., 2015; Hersbach, 2019)
interpolated to 3 potential field locations identified during the exploratory trip
using bilinear interpolation (Fig. 5.4). One of the differences between ERA5 and
ERA-Interim lies in their spatial and temporal resolution: ERA5 has a grid spacing
of 31 km and hourly resolution, while ERA-Interim has a grid spacing of 79 km and
6-hourly resolution. In addition, ERA5 incorporates improved parameterizations
of physical processes and benefits from advancements in modelling techniques and
data assimilation methods compared to ERA-Interim (Hersbach, 2019). As shown
in Fig. 5.4b and c, the global reanalysis data qualitatively agreed with the in-situ
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Figure 5.2: Wind roses by month at Jebel Brahim AWS using 15 min data from 1 Jan. 2002 to 21
Aug. 2011, with a gap between 10 Apr. 2009 to 19 May 2009. Data from Schulz and Fink (2016).

observations in representing the two prominent peaks of monthly mean wind speeds in
April and September. However, ERA-Interim tended to overestimate the maximum
peak in spring compared to ERA5, while the secondary peak was overestimated by
ERA-Interim and underestimated by ERA5. Part of these discrepancies may be

Figure 5.3: Daily mean wind speed at 3 m height for each month in the Jebel Brahim AWS. Data
from Schulz and Fink (2016).
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Figure 5.4: (a) ERA5 and ERA-Interim grid points closest to our area of interest, the Jebel
Brahim AWS and 3 potential field locations identified during an exploratory trip in January 2019.
Comparison of annual mean wind speed between the in-situ data at the Jebel Brahim AWS and
ERA5 (b) and ERA-Interim (c) data interpolated to these 3 locations.

attributed to small-scale topography, which is not well captured by the reanalysis
products.

Considering the meteorological conditions described above and logistical aspects,
the most suitable period for carrying out the field campaign in Morocco was found to

56



5.2. Experimental site

be between late August and early October. This timeframe corresponded to a period
of relatively high wind activity and a low likelihood of precipitation.

5.2. Experimental site

The final decision on the specific location for the field campaign was made after
conducting an on-site inspection the week prior to the campaign, as well as considering
local advice. Finally, the first FRAGMENT field campaign took place in September
2019 in a small ephemeral lake, locally named “L’Bour”, located in the Lower Drâa
Valley of Morocco. L’Bour (29°49’30” N, 5°52’25” W) lies at the edge of the Saharan
Desert, ∼15 km west of M’Hamid El Ghizlane, ∼70 km east of Lake Iriki, ∼50 km east
of the Erg Chigaga dune field, ∼1.5 km north of the dry Drâa river, ∼30 km north
of the Moroccan-Algerian border, and ∼25 km south of the Jebel Hassan Brahim
mountain range (840 m.a.s.l) (Fig. 5.5a, b and c).

L’Bour was approximately flat and devoid of vegetation or other obstacles
within a radius of ∼1 km around our measurement location. Small sand dune fields
surrounded the lake, and dunes south of the site were accompanied by some vegetation
and shrubs during the campaign. The surface of L’Bour consisted of a smooth hard
crust (hereafter referred to as paved sediment) mostly resulting from drying and aeolian
erosion of paleo-sediments. Figure 5.6b and c illustrate a close-up of a small dune and
the lake’s paved sediment surface. In Fig. 5.6a, their respective PSDs analysed using
dry dispersion (minimally dispersed) and wet dispersion (fully dispersed) techniques
are depicted. The laboratory analysis was conducted by Adolfo González Romero
(BSC/IDAEA-CSIC). Details on the sampling and analysis methods are provided in
González-Romero et al. (2023). The paved sediment PSDs exhibited two prominent
modes peaking at ∼100 µm and ∼10 µm (Fig. 5.6a). The fully dispersed PSD of the
paved sediment showed disaggregation of silt aggregates observed at sand sizes in the
minimally dispersed PSD. The sand dune PSDs displayed a dominant mode ranging
between ∼50 and ∼400 µm, peaking at ∼150 µm, and containing only a small fraction
of particles smaller than 50 µm. The fully dispersed PSD of the sand dune showed
disaggregation of clay aggregates observed at silt sizes in the minimally dispersed
PSD. The volume median diameter of sand dune particles (and therefore of the
saltators) for minimally and fully dispersed techniques were 132.2 µm and 137.6 µm,
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Figure 5.5: (a) Location of the study area in northern Africa. (b) Zoomed-in view over Morocco
and Algeria. (c) Zoomed-in view over the Lower Drâa Valley. (d) Experimental set-up in “L’Bour”
(Morocco). The diagonal black line is perpendicular to the approximate predominant wind direction
estimated based on prior data analysis. Green circles highlight the instruments used for this paper:
TOWER (meteorological tower equipped with five 2-D sonic anemometers and four aspirated
shield temperature sensors), FIDAS (two Fidas optical particle counters at 1.8 and 3.5 m height,
respectively), RAIN GAUGE, RADIOMETER (four-component net radiometer), RH-T (temperature
and relative humidity probe at 0.5 m), and SANTRI-4 (size-resolved saltation particle counter).
Red circles indicate instruments not used in this thesis but discussed in other studies: FWI1,
FWI2, and FWI3 (free-wing impactors); FPS (flat-plate deposition sampler); LOW-VOL-PM10 and
LOW-VOL-TSP (low-volume samplers); AETH/NEPH (multi-wavelength aethalometer and polar
nephelometer); MWAC (modified Wilson and Cook samplers); SMOIS (soil moisture sensors); and
TRIPOD (pressure and data loggers). (e) Picture of the main instruments as deployed in the field.
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respectively. According to the fully dispersed PSD, the texture of the surface paved
sediment was loam (McKee, 1983). During the campaign, we did not observe any
substantial change in the paved sediment. We observed some growth of vegetation in
nearby areas, particularly to the south, after a flooding event that took place during
the night of 6 September. The flooding, which did not affect our site, was caused by
a convective storm that produced heavy rain upstream of the Drâa river and whose
cold pool outflow generated a strong “haboob” dust storm that passed our site (see
Chap. 6).

Figure 5.6: (a) Minimally-and fully-dispersed normalized mean PSDs of a sand dune (blue) and the
paved sediments (orange) in L’Bour. (b) Picture of the paved sediment. (c) Picture of a small sand

dune in L’Bour.

L’Bour was surrounded by other dust sources in all directions, including dunes
concentrated in small flat areas and other ephemeral lakes such as Iriki and Erg Smar
(Fig. 5.5c). Therefore, the fetch length, i.e. the distance between the measurement
location and the upwind border of the source area (Dupont et al., 2021), was not
limited to the dimensions of L’Bour. In the western and eastern predominant wind
directions, which were approximately parallel to the Drâa river bed and perpendicular
to the alignment of our instruments (Fig. 5.5c and d), we estimated long fetches of
approximately 60 km and 10 km, respectively.
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5.3. Measurements

The site layout is shown in Fig. 5.5d and e. As explained in Sect. 5.1 the
alignment of the instruments was informed by prior analyses of available data, which
suggested a southwesterly predominant wind direction. To avoid shadowing between
instruments as much as possible, instruments were aligned roughly perpendicular
to this predominant wind direction. Below I describe only the instruments and
measurements used in this thesis. Measurements performed during the campaign
with other instruments displayed in Fig. 5.5d are discussed in e.g. Panta et al. (2023);
González-Romero et al. (2023); Yus-Díez et al. (prep).

5.3.1 Meteorological parameters

At the centre of the experimental site (Fig. 5.5d) we deployed a 10 -m
meteorological tower equipped with five 2-D sonic anemometers (Campbell
Scientific WINDSONIC4-L) at 0.4 m, 0.8 m, 2 m, 5 m, and 10 m height and four
aspirated shield temperature sensors (Campbell Scientific 43502 fan-aspirated
shield with a 43347 RTD temperature probe) at 1 m, 2 m, 4 m, and 8 m height to
measure wind and temperature profiles, respectively (Fig. 5.5e). Wind measurements
were recorded every 2 s and temperature every 1 s. We also placed two 3-D sonic
anemometers measuring at 50 Hz at 1 m and 3 m height. All anemometers were
oriented toward the north using a magnetic compass. I applied a site-specific
correction for magnetic declination using the International Geomagnetic Reference
Field IGFR model (1590-2024) as a post-processing, which translated into a
anticlockwise adjustment of ∼1 ° to the measured wind direction respective to
the true north. In the vicinity of the tower, we installed a Young tipping bucket
rain gauge (Campbell Scientific 52203 unheated Rain Gauge) at 1 m height, a
four-component net radiometer (Campbell Scientific NR01-L radiometer) measuring
short-wave and long-wave upwelling and downwelling radiative fluxes at 1.5 m, and a
temperature and relative humidity probe (Campbell Scientific HC2A-S3) at 0.5 m
(Fig 5.5e). Pressure was recorded inside the data logger cabinet in a tripod near the
tower.

After the campaign I carefully examined the time series of the aforementioned
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measurements to identify and eliminate invalid values. Most of these values
corresponded to periods of testing at the beginning of the campaign or instrument
cleaning, which I manually identified and eliminated. Subsequently, I calculated
the average values of all meteorological variables over 15 min intervals. This time
averaging interval is consistent with the choice made for computing the dynamic
parameters that characterize the near-surface boundary layer (see Sect. 5.3.4).
Previous studies, such as Dupont et al. (2018), have shown that this averaging period
accounts for all significant turbulent structures carrying momentum flux.

5.3.2 Size-resolved dust concentrations

At a distance of ∼18 m from the tower, we placed two Fidas 200S (Palas GmbH)
optical particle counters (OPCs) on a scaffolding (Fig 5.5e) at 1.8 m (referred to as
FidasL) and 3.5 m height (FidasU) from which I calculated the diffusive dust flux
(see Sect. 5.3.5). We recorded 2 min average number concentrations of suspended
dust in 63 diameter size bins of equal logarithmic width between 0.2 and 19.1 µm.
After the campaign, I averaged these values over 15 min intervals. Subsequently,
the 15 min concentration PSDs were averaged over u∗ intervals, considering two
wind direction sectors and the type of dust event (regular or haboob). I didn’t use
data from the first three bins as they showed an unrealistic abrupt descent of the
concentration (border measurement limitations). Therefore, the Fidas was considered
to be efficient from the fourth bin (from dmin=0.25 µm). The sampling system of the
Fidas operated with a volume flow of 4.8 l min−1 and was equipped with a Sigma-2
sampling head (manufacturer Palas GmbH). The Sigma-2 sampler has been validated
by the Association of German Engineers (VDI-2119, 2013) and tested in various
studies, concluding that it is a reliable collector for coarse and super-coarse particles
(Dietze et al., 2006; Tian et al., 2017; Waza et al., 2019; Rausch et al., 2022). The
Sigma-2 head ensures a wind-sheltered, low-turbulence air volume inside the sampler
(Tian et al., 2017), but the sampling efficiency as function of wind speed and particle
size has not been quantified. However, it has been shown to be largely insensitive
to wind intensity at least up to ∼6m s−1 in the PM10 range (Waza et al., 2019).
The inlet includes a drying line (Intelligent Aerosol Drying System, IADS, Palas
GmbH), connecting the sampling head to the control unit, whose temperature is
regulated according to the ambient temperature and humidity, avoiding condensation
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effects. Moisture compensation is guaranteed through a dynamic adjustment of
the IADS temperature up to a maximum heat capacity of 90 W. Unlike most of
the meteorological instruments that were connected to a battery, the two Fidas
depended exclusively on a generator. Therefore, there were some gaps in the time
series associated with generator maintenance periods and some short power outages.

The two Fidas were calibrated in the field at the start of the campaign using
monodisperse (non-absorbing) polystyrene latex spheres (PSLs). Therefore, the
(default) optical diameters typically used to report the PSDs obtained with OPCs are
diameters of PSLs that produce the same scattered light intensity as the measured
dust particles. As in the majority of previous studies (e.g. Fratini et al., 2007; Sow
et al., 2009; Shao et al., 2011a; Ishizuka et al., 2014; Dupont et al., 2021), I use
optical diameters to analyse the PSDs and their variability throughout most of this
thesis. I also compare these “optical diameter” PSDs with the theoretical framework
from Kok (2011a), based on BFT, where the emitted dust PSD is derived by analogy
to the fragmentation of brittle materials such as glass spheres constrained by PSD
measurements unharmonized in terms of diameter type. Since dust is aspherical and
light-absorbing, I additionally provide a synthesis of the results after transforming the
optical diameters into dust geometric diameters assuming a more realistic shape and
composition (see types of diameters in Chap. 1.4.3). In this way, these results can
also be compared with an updated version of BFT that accounts more realistically
for super-coarse dust emission (Meng et al., 2022) and that was constrained with
measured PSDs harmonized to dust geometric diameters assuming tri-axial ellipsoids
(Huang et al., 2021).

The transformation of the default PSL diameters into dust geometric diameters
was performed by Jerónimo Escribano (BSC) following Huang et al. (2021), which
involved calculating the theoretical scattered intensities of the PSLs and the aspherical
dust. Following this, the comparison of both scattered intensities allows remapping
the PSL into dust geometric diameters if both functions are monotonic with diameter.
The calculation of the scattered intensity depends in the first order on the wavelength
of the light beam used in the OPC, the scattering angle range of the OPC’s light
sensor, and the shape and refractive index of the particles, which are specified below:

Wavelength of the light beam and scattering angle: The Fidas determines
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the number and size of particles using a poly-chromatic unpolarized LED light source.
Each particle that moves through the measurement volume generates a scattered
light impulse that is detected at an angle of 90 ± 5°. Unfortunately, neither the
characteristics of the polychromatic light beam of the Fidas nor the spectral sensitivity
of the sensor were provided by the manufacturer. However, the manufacturer provided
a software that allowed us converting the obtained PSDs with PSLs to PSDs of
spherical particles assuming 16 different refractive indices. This information together
with the information on the scattering angle, and the Lorenz-Mie code used in
Escribano et al. (2019) was useful to infer a light spectrum that could best reproduce
the software conversions between spherical aerosol types. In this case, the optimization
problem was constrained to fit a sum of Gaussian spectra over the wavelength domain.
The resulting single-Gaussian optimal spectrum had a centre wavelength of 389 nm
and a standard deviation of 77 nm. This spectrum was later used to convert the
optical PSL diameters to dust geometric diameters. The obtained spectrum was
consistent with the apparent bluish LED light of the Fidas.

Shape: The sideward scattered intensity depends on particle shape. Since PSLs
are spherical, their single-scattering properties were obtained based on Lorenz-Mie
theory. Since recently extensive measurements have found that dust particles are
three-dimensionally aspherical (Huang et al., 2021), here dust particles were assumed
to be tri-axial ellipsoids. To quantify dust asphericity, an aspect ratio (AR) of 1.46
has been used, resulting from the median AR of the more than 300.000 individual dust
particles collected during the campaign and analysed in the laboratory using scanning
electron microscopy (SEM) coupled with energy-dispersive X-ray spectrometry (EDX)
(Panta et al., 2023). We did not perform measurements of the height-to-width ratio
(HWR), so we assumed HWR=0.45, which is the closest value to the global median
of 0.4 obtained in Huang et al. (2021). The AR and HWR were combined with the
database of shape-resolved single-scattering properties of ellipsoidal dust particles
(Meng et al., 2010), following Huang et al. (2021).

Refractive index: The preliminary analyses of the optical properties (Yus-Díez
et al., prep) and mineralogical composition (Panta et al., 2023; González-Romero et al.,
2023) of the campaign suggest imaginary parts of the refractive index between 0.0015
and 0.002, consistent with chamber-based re-suspension estimates using Moroccan soil
samples in Di Biagio et al. (2019). A value of 0.0015 was utilized for the imaginary
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part in this thesis, and a value of 1.49 for the real part was assumed, as obtained in
Di Biagio et al. (2019) with their Moroccan samples.

Figure 5.7 compares the obtained geometric diameters with the default optical
diameters. Based on this transformation, the optical diameters overestimate the dust
diameters between ∼0.5 and ∼13 µm and underestimate them at finer and coarser
sizes due to the combined effects of dust refractive index and asphericity.

Figure 5.7: Default optical diameters (µm) of the Fidas versus geometric diameters (µm) calculated
assuming that dust particles are tri-axial ellipsoids with an aspect ratio of 1.46, a height-to-width
ratio of 0.45 and a refractive index of 1.49 + 0.0015 i. (a) Representation in linear scale. (b)
Representation in logarithmic scale.

By the end of the campaign, the two Fidas were intercompared bin by bin
(in the original size bin resolution) at the same height (1.8 m) from 1 October at
10:15 UTC to 2 October at 08:00 UTC. The goal of the intercomparison was to (1)
obtain a correction factor per bin that removed the systematic differences between
sensors, and (2) estimate the (random) uncertainty in the size-resolved diffusive
flux (see Sect. 5.3.5). The intercomparison period was affected by a regular event
from ∼14 to 17 UTC reaching maximum 15 min number and mass concentrations of
∼9×107 # m−3 and ∼2700 µg m−3, respectively, which are very far from the maximum
15 min dust number and mass concentrations of ∼1×109 # m−3 and ∼44700 µg m−3,
respectively, measured during the campaign.

The FidasL was selected as the reference device, therefore I corrected the
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systematic deviation of the FidasU. The systematic correction parameter, λi, for each
bin i shown in Fig. 5.8a was calculated as the slope of the regression between the
concentration of the two Fidas during the intercomparison period:

cl0(Di) = λicu0(Di) (5.1)

where cl0 is the concentration from FidasL and cu0 is the uncorrected concentration
from FidasU with diameter Di during the intercomparison period. If λi > 1 the
concentration of FidasU is lower and if λi < 1 the concentration FidasL is higher.
Figure 5.8a shows λi in the integrated size bin resolution both in terms of number
(green line) and mass (black line) concentrations. Note that number concentrations
were transformed to mass concentrations in the original size bin resolution before
obtaining the integrated size bin concentrations used to calculate these λi. As shown
in Fig. 5.8b the Pearson correlation coefficient, r, was above 0.95 for all bins, except
for the two coarsest ones where it decays to ∼0.88 and ∼0.75, respectively.

Figure 5.8: (a) Systematic correction parameter, λi, and (b) Pearson coefficient, r, for each
integrated size bin i. Green (black) lines depict these variables in terms of number (mass) of

particles.

The corrected FidasU concentration,cu, during the campaign was then obtained
by simply scaling the uncorrected concentration over the whole campaign, cuuncorr. ,
with λi:

cu(Di) = λicuuncorr.(Di) (5.2)
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Similarly, the corrected FidasU concentration, cu0corr.
, during the

intercomparison period was

cu0corr.
(Di) = λicu0(Di) (5.3)

5.3.3 Size-resolved saltation counts

Time- and size-resolved saltation counts were measured with three SANTRI
(Standalone AeoliaN Transport Real-time Instrument) platforms (Etyemezian et al.,
2017; Goossens et al., 2018). Two SANTRIs (SANTRI-4 and SANTRI-5 in Fig. 5.5d)
consisted of duplicate optical gate devices (OGDs, Etyemezian et al., 2017) at
5 cm height, single OGDs at 15 and 30 cm heights, and a cup anemometer and
wind vane at ∼1.1 m height and measured at 1 s intervals. Saltation counts were
recorded in 7 size bins, whose lower and upper diameter limits were calculated from
the recorded sensor reference voltage levels. The two bins with the smallest and
largest diameters, respectively, were excluded from further analysis due to a large
noise level for the former and an absent upper diameter limit for the latter. On
average, the remaining size range extended roughly from 85 to 450 µm in diameter.
A third SANTRI (SANTRI-3 in Fig. 5.5d) collected data from two OGDs at multiple
kilohertz frequencies but has not been analysed in this thesis. Due to technical issues
with SANTRI-5, results presented here have focused on SANTRI-4 using the front
one of the two bottom sensors together with the upper ones.

5.3.4 Computation of dynamical parameters characterizing
the near-surface boundary layer

In this thesis, I calculated u∗ from the law of the wall approach, based on Eq. 2.8. The
determination of Ψm =

∫ ζ
ζ0 [1−Φm(ζ ′)] dζ′

ζ
(introduced in Chap. 2.1.3) is a requirement

for this calculation. The specific expressions for Ψm used in this thesis are given by:

Ψm =



−6(ζ − ζ0) if ζ > 0

(Businger et al., 1971; Högström, 1988)

− ln
( (ξ2

0+1)(ξ0+1)2

(ξ2+1)(ξ+1)2

)
− 2[tan−1(ξ) − tan−1(ξ0)] if ζ ≤ 0

(Benoit, 1977)

(5.4)
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with ξ = (1 − 19.3ζ)1/4 and ξ0 = (1 − 19.3ζ0)1/4 (Benoit, 1977; Högström, 1988),
where ζ = z/L and ζ0 = z0/L. The Obukhov length, L, needed to determine ζ and
ζ0, can be derived as follows (Foken and Napo, 2008):

L = − θru
3
∗

κgw′θ′
0

(5.5)

where θr is a reference potential temperature, g = 9.81 m s−2 is the gravitational
acceleration and w′θ′

0 is the surface kinematic heat flux. Heat flux (H = ρaircpw′θ′
0

with air density ρair and specific heat capacity of air at constant pressure cp =
1004 J kg−1 K−1) can be also estimated from the bulk aerodynamic formulation for
the sensible heat flux (e.g. Shao, 2008; Klose et al., 2019)

H = ρaircp

(
T0 − Tr

ra

)
(5.6)

where Tr is the temperature at reference height zr, T0 the soil surface temperature,
ra = (Chur)−1 the bulk aerodynamic resistance between z0 and zr with ur the wind
at reference height and Ch = κ2/([ln( z

z0
) − Ψm][ln( z

z0
) − Ψh]) (e.g. Stull, 1988; Arya,

2001) the bulk heat transfer coefficient, where Ψh =
∫ ζ

ζ0 [1 − Φh(ζ ′)] dζ′

ζ
, with Φh the

similarity function for sensible heat. The expressions used in this thesis to calculate
Ψh are given by:

Ψh =



0.05 ln
(

z
z0

)
− 7.8(ζ − ζ0) if ζ > 0

(Businger et al., 1971; Högström, 1988)

0.05 ln
(

z
z0

)
− 1.9 ln

(
(λ0+1)
(λ+1)

)
if ζ ≤ 0

(Benoit, 1977; Högström, 1988)

(5.7)

with λ = (1 − 11.6ζ)1/2 and λ0 = (1 − 11.6ζ0)1/2 (Benoit, 1977; Högström, 1988).

Therefore, w′θ′
0, needed for calculating L, can be inferred from Eq. 5.6. The

reference height zr was chosen as 2 m since temperature and wind measurements
were available at this height. T0 was obtained from radiometer measurements of
surface longwave radiative flux, and ρair was determined from relative humidity and
temperature measurements at 0.5 m height and pressure at 1.5 m height by making
use of Tetens’ formula (Tetens, 1930) and the ideal gas law (e.g. Stull, 1988).
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Applying a linear regression based on Eq. 2.8, the following equation was
derived:

U(z) = m[ln(z) − Ψm] + n (5.8)

where m and n are the slope and intercept of the linear regression, respectively. Thus,
u∗ = mκ and z0 = exp(−n/m). An iterative procedure was performed to deduce
u∗, z0 and L for every 15-minute period. This iterative procedure assumes neutral
conditions as a first guess, and then corrects for stability using the expressions shown
before. As in previous studies, this procedure was applied only when wind increased
with height and for wind speeds at 2 m height larger than ∼1 m s−1 (Marticorena
et al., 2006; Khalfallah et al., 2020). In addition, results were only considered when
the difference between the computed and measured wind profile was less than 10%
and when the resulting dimensionless height ζr = zr/L was in the range (−10, 2).
This is the range for which Monin-Obukhov theory seems to be valid (Kramm et al.,
2013).

Furthermore, u∗th (introduced in Chap. 2.1.4) was calculated fitting the saltation
flux, Q, versus the wind shear stress, τ . Both the classical models, considering the
involvement of fluid lifting in particle entrainment resulting in nonlinear 3/2 stress-flux
scaling (i.e., Q ∼ τ 3/2 or alternatively Q ∼ u3), as well as the more recent models,
considering splash-dominated entrainment leading to linear or nearly linear stress-flux
scaling (i.e., Q ∼ τ or alternatively Q ∼ u2

∗), were taken into account, following the
methodology of Martin and Kok (2017b).

5.3.5 Computation of size-resolved flux gradient diffusive
dust flux and its uncertainty

In this thesis, I estimated the near-surface vertical diffusive flux, F , using the
flux-gradient method (Gillette et al., 1972). This approach, by analogy with Fick’s
law for molecular diffusion, assumes that the diffusive dust flux is proportional to
the vertical gradient of the local mean dust concentration, c, where the dust eddy
diffusion coefficient, Kd, is the constant of proportionality. Thermal stratification
effects are accounted for following the Monin-Obukhov theory (Monin and Obukhov,
1954) through the similarity function for dust Φd, that translates into an adjustment
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of Kd. This yields
F = −Kd

Φd

∂c

∂z
(5.9)

Similar to Eq. 5.9, the momentum flux ⟨u′w′⟩ can be expressed proportionally to the
vertical gradient of the horizontal wind speed, u, as

⟨u′w′⟩ = −Km

Φm

∂U

∂z
(5.10)

where Km is the momentum eddy diffusion coefficient and Φm is the similarity function
for momentum. In this thesis, trajectory crossing effects (Csanady, 1963; Shao et al.,
2011a) were estimated to be negligible for particle diameters smaller than 20 µm
(see more details in Appendix A). Therefore, it was assumed that Km and Kd were
equivalent, the turbulent Schmidt number Sct = Km/Kd = 1, and Φm = Φd. In
addition, when a constant momentum flux layer is assumed, then ⟨u′w′⟩ = −u2

∗.

The widely used expression proposed in Gillette et al. (1972) for calculating the
diffusive dust flux is obtained by dividing Eqs. 5.9 and 5.10, taking into account the
aforementioned assumptions and substituting from Eq. 2.8:

Fn(Di) = u∗κ
cn

l (Di) − cn
u(Di)

ln
(

zu

zl

)
− Ψm

(
zu

L

)
+ Ψm

(
zl

L

) (5.11)

where cn
u(Di) and cn

l (Di) are the number concentrations of dust particles with
diameter Di measured by the two Fidas at zu = 3.5 m and zl = 1.8 m in bin i.
Note that the FidasU concentrations include the systematic corrections derived from
the intercomparison of the two Fidas by the end of the campaign (explained in Sect.
5.3.2).

Eq. 5.11 was applied to each of the 63 size intervals of the Fidas using 15
min average concentrations. Thus, the total number and mass diffusive fluxes were
obtained by summing over all size bins. The mass flux in each bin is inferred from its
respective number flux as

Fm(Di) = Fn(Di)
1
6ρdπD

3
i (5.12)

where Di=
√
dmax · dmin is the mean logarithmic diameter in bin number i, dmin and

dmax are the minimum and maximum particle diameters of bin i, Fn(Di) and Fm(Di)
are the 15 min averaged number and mass diffusive fluxes with diameter Di and
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ρd is the dust particle density, which is assumed to be 2500 kg m−3 (Fratini et al.,
2007; Reid et al., 2008; Kaaden et al., 2009; Sow et al., 2009; Kok et al., 2021b). All
diameters can be either the default optical or the obtained geometric ones.

All calculations were performed using the original size bins of the Fidas (63
bins ranging from 0.2 µm to 19.1 µm). However, such a high bin resolution lead to
substantial noise in the coarse and super-coarse bins of the mass PSDs. Therefore,
the 63-bin PSDs were integrated into 16 bins to represent the mass concentration
and number and mass diffusive flux PSDs. The size-resolved diffusive flux can
exhibit positive and negative values, with the former representing an upward (net
emission) flux and the latter a downward (net deposition) flux. Well-developed
erosion conditions are normally characterized by positive fluxes. For this reason,
when analysing the diffusive flux PSDs those PSDs containing at least one negative
value in all the integrated number or mass bins with Di > 0.42 µm (where as shown
in Chap. 8.1 the anthropogenic aerosol influence is negligible) were excluded. Similar
to dust concentrations PSDs, the 15 min diffusive flux PSDs were afterwards averaged
over u∗ intervals, considering two wind direction sectors and the type of dust event
(regular or haboob).

Concerning the calculation of the uncertainty of each 15 min size-resolved
diffusive flux obtained from the flux gradient method, it is important to note that
there are three main sources of uncertainty : (1) u∗, (2) the difference between FidasU
and FidasL concentrations and (3) the difference in stability between the two levels.
The uncertainties on u∗ and stability were neglected because they are size-independent
and small compared to the size-resolved concentration uncertainties (Dupont et al.,
2018), and the main interest of this thesis is the PSD.

As the FidasL was selected as the reference device, the uncertainty in the
diffusive flux σF (Di) only depends on the uncertainty of the FidasU concentration
with respect to the FidasL concentration σcu(Di), where σ represents the standard
deviation:

σF (Di) = u∗κ
σcu(Di)

ln
(

zu

zl

)
− Ψm

(
zu

L

)
+ Ψm

(
zl

L

) (5.13)

Figure 5.9a displays the number concentrations measured by the FidasU after
the systematic correction (see Sect. 5.3.4) versus the FidasL concentrations in each
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integrated size bin during the intercomparison period. As the number concentration
decreases, a clear relative increase in the scatter is observed both for each bin and
across bins. In other words, the relative uncertainty of the number concentration is
strongly dependent upon the number concentration, which is orders of magnitude
smaller for large particles than for fine particles. Based on this, the relative uncertainty
σr can be expressed as follows:

σr = e(cn
u)f (5.14)

where cn
u is the FidasU number concentration in any size bin and e and f are constants

that can be obtained by fitting the data as described below.

Being able to express the uncertainty as a function of the number concentration
independent of size is key to avoid overestimating the uncertainty of the diffusive
flux because the concentrations measured during the campaign were generally much
higher than the ones measured during the intercomparison period. In order to fit Eq.
5.14, the ratio λn

ij of the FidasL to the corrected FidasU number concentrations is
obtained for each bin i and time step j (every 15 min) during the intercomparison
period as follows:

λn
ij = cn

l0(Di)j/c
n
u0corr.

(Di)j (5.15)

where cn
l0 and cn

u0corr.
are the FidasL and corrected FidasU number concentrations.

Then, the standard deviation of these ratios σrk within k number concentration
intervals is calculated as follows:

σrk =

√√√√∑(λnk
ij − λnk)2

N − 1 (5.16)

where λnk
ij are the ratios λn

ij within each k interval, λnk ≈ 1 is the average ratio within
each interval k, and N is the number of samples in each interval k.

Four k intervals with the following number concentration ranges: 103–104,
104–105, 105–106, and 106–107 # m−3, covering the range of most of the points during
the intercomparison period were selected (Fig. 5.9a). The σrk values associated to
each of the four intervals are displayed in Fig. 5.9b as a function of cn

u, which is taken
as the geometric mean cn

u within each interval. Using these values, σr was fitted,
obtaining e = 51.3 and f = −0.45 with R2 = 0.98 (Fig. 5.9b).
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Figure 5.9: (a) FidasL versus FidasU (after systematic correction) number concentrations (# m−3)
during the intercomparison period. Concentrations in each bin are represented with different colours.
(b) σr versus corrected FidasU number concentrations (# m−3) during the intercomparison period.
The line in (b) represents the regression curve of the form a · cb

u.

Finally, the uncertainty of the FidasU number concentration for each bin i and
time step j during the campaign can be calculated as follows:

σcn
u(Di)j

= σrc
n
u(Di)j = 51.3(cn

u)0.55, (5.17)

and the uncertainty of the FidasU mass concentration as:

σcm
u (Di)j

= σcn
u(Di)j

1
6ρdπD

3
i (5.18)

where cm
u (Di)j is the corrected mass concentration of FidasU in each bin i and time

step j during the campaign; Di=
√
dmax · dmin is the mean logarithmic diameter in bin

number i, dmin and dmax are the minimum and maximum particle diameters of bin i,
respectively; and ρd is the dust particle density, which is assumed to be 2500 kg m−3.

The average total uncertainty for each u∗ interval was calculated as the square
root of the quadratic sum of the standard error and the average diffusive flux
uncertainty within each u∗ interval. The average diffusive flux uncertainty, σF (Di)avg ,
for each u∗ is given by:

σF (Di)avg =
√∑

σ2
F (Di)j

/N (5.19)

where σF (Di)j
is the uncertainty of each 15 min size-resolved diffusive flux in the u∗
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interval, N is the number of 15 min measurements in the u∗ interval, i is the size bin
and j is the measurement time index within each u∗ interval.

Additionally, the number and mass fractions of the diffusive flux integrated over
four size ranges : ∼ 0.37 < Di < 1 µm, ∼ 1 < Di < 2.5 µm, ∼ 2.5 < Di < 10 µm and
Di > 10

To analyse if the differences in the diffusive flux PSDs both between wind
sectors and u∗ intervals were statistically significant, one-tailed tests of significance
were performed (Gorgas et al., 2011). This type of test allows evaluating if the mean
of a population is statistically higher than the mean of another population. In this
thesis I consider that: (1) our populations follow a normal distribution, (2) their
variance are unknown, (3) the sum of the number of samples from each population is
above 30 and (4) the number of samples of both populations is similar. Following
these assumptions, I used the test statistic, z, which follows a normal distribution
and is defined as:

z = x1 − x2√
s2

1
n1

+ s2
2

n2
)

(5.20)

where xi, si and ni represent the mean, variance and number of samples of each
population i.

The null hypothesis, H0, defined as the contrary of what our data show, is
accepted if z ≤ zα and rejected if z > zα, where the significance level α is 0.05. This
test was applied both considering certain fractions of diffusive flux and considering
individually certain integrated size bins (see Chap. 8.2).

5.3.6 Computation of sandblasting efficiency

As explained in Chap. 2.1.6, sandblasting efficiency, α, is defined as the ratio of total
vertical (diffusive) dust flux to horizontal (saltation) flux in mass, α = F/Q. The total
streamwise saltation flux, Q, defined as the vertical integral of the height-dependent
streamwise saltation flux densities derived from the measured saltation counts, was
computed by Martina Klose (KIT) using the same method as described in Klose et al.
(2019). This means assuming an exponentially decreasing vertical profile of saltation
flux density and using least-squares curve fitting for the three measurement heights.
Profiles with coefficients of determination R2 < 0.5 were excluded. Of the remaining
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profiles, more than 99% had R2 > 0.95 and more than 98% had R2 > 0.99. For this
thesis, I used these data in conjunction with the vertical flux data (calculated by
myself) to estimate the sandblasting efficiency. It is important to note that in this
calculation I excluded the vertical flux values in which either the net flux was negative
or any of the integrated mass and number bins where Di > 0.42 µm was negative.

5.4. Estimating the size-resolved dry deposition and
emitted fluxes based on different parameterizations

As discussed in Chap. 2.4, most studies have traditionally assumed that the diffusive
flux PSD obtained a few metres above the surface is equivalent to the emitted
dust PSD at the surface, neglecting the gravitational settling and the turbulent dry
deposition flux. Considering the schematic shown in Fig. 2.4, the emitted flux, Femi,
can be estimated as the diffusive flux, F , plus the gravitational settling, Fg, at the
intermediate level between the two Fidas minus the dry deposition flux at the surface,
Fdep:

Femi(Di) = F (Di) + vdep(Di)cint(Di) − vg(Di)cint(Di) =

= F (Di) + (vdep(Di) − vg(Di))cint(Di)
(5.21)

where vdep(Di) is the dry deposition velocity; vg(Di) is the gravitational settling
velocity; cint(Di) = (cu(Di) + cl(Di))/2 is the concentration at the intermediate
height between the two Fidas, being cu(Di) the FidasU concentrations after
systematic correction and cl(Di) FidasL concentration; and Di is the mean
logarithmic diameter of each bin i. The gravitational settling velocity is calculated
as vg(Di) = CcσpagD

2
i /(18ν) where Cc is the Cunningham slip correction factor,

ν = 1.45 × 10−5 m2 s−1 is the air kinematic viscosity and σpa = (ρd − ρair)/ρair is
the particle-to-air density ratio. Note that this expression assumes a Stokes regime,
which is applicable to particles with Di ∼10 µm or less. Furthermore, it is important
to acknowledge that, as an approximation, I employed the concentration at the
intermediate height between the two Fidas to estimate the dry deposition flux at the
surface, rather than extrapolating it directly to the surface.

Experimentally, vdep(Di) can be calculated as the sum of the diffusive dry
deposition velocity, vdiff(Di), and vg(Di). vdiff(Di) for each 15 min period was
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obtained in this thesis as vdiff(Di) = −F (Di)/cint(Di) (Junge, 1963; Shao, 2008;
Bergametti et al., 2018). vdiff (Di) is positive when downward, so the diffusive flux in
integrated size bin resolution, F (Di), must be negative. Due to the presence of dust
emission, these observation-based estimates of vdep had to be restricted to periods
when dust emission was negligible, i.e. for u∗ < u∗th.

In the absence of observation-based vdep(Di) during wind erosion conditions
(u∗ > u∗th), two different resistance-based dry deposition velocity parameterizations
were tested to estimate vdep(Di) for all u∗ values: (1) the parameterization used in
Fernandes et al. (2019) (referred to as F19) and (2) the scheme proposed in Zhang
et al. (2001) (referred to as Z01). The dry deposition velocity in F19 is parameterized
as follows:

vdep.F 19(Di) = 1
Ra +Rs(Di) +RaRs(Di)vg(Di)

+ vg(Di) (5.22)

where Ra = ln( zint

z0
)/(κu∗) represents the turbulent transfer close to the surface, zint

is the intermediate height between the two Fidas, and z0 the aerodynamic roughness
length computed as explained in Sect. 5.3.4. The surface or quasi-laminar resistance
Rs = [u∗(S−2/3

c + 10−3/St)]−1 accounts for losses by Brownian motion and inertial
impaction; Sc = ν/Dg(Di) is the Schmidt number, and St = u2

∗vg(Di)/(gν) the Stokes
number for smooth surfaces, where Dg(Di) = κTCc/(3πρairνDi) is the Brownian
diffusivity, κ is the Boltzmann constant, T is the air temperature at 1 m height,
Cc is the Cunningham slip correction factor, and ν = 1.45 × 10−5 m2 s−1 is the air
kinematic viscosity. The settling velocity, vg(Di), is calculated for each size bin as
vg(Di) = CcσpagD

2
i /(18ν) where σpa = (ρd − ρair)/ρair is the particle-to-air density

ratio.

The dry deposition velocity in Z01 is parameterized as follows:

vdep.Z01(Di) = 1
Ra +Rs(Di)

+ vg(Di) (5.23)

where in this case Ra = (ln( zint

z0
) − Ψh)/(κu∗), with Ψh being the integral of the

similarity function for sensible heat (defined in Sect. 5.3.4), and Rs = [ϵ0u∗(EB +
EIM + EIN)R1)]−1, where ϵ0 is an empirical constant set to 3; EB , EIM , EIN

are, respectively, the collection efficiency from Brownian diffusion, the impaction,
and the interception; and R1 is the correction factor representing the fraction of
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particles that stick to the surface. In this scheme some parameters are ascribed to
different land use categories. For this study, I selected the values recommended for
the “desert” (land use category 8) category. The efficiency from Brownian diffusion
EB = S−γ

c is a function of the Schmidt number, and the constant γ is set to 0.54. The
impaction EIM = (St/(α + St))2, where α is set to 50. Desert bare surfaces in this
parameterization are considered totally smooth surfaces, and hence the interception
EIN is set to 0, and I assume R1 = 1.

In Chap. 10, it will be demonstrated that these parameterizations significantly
underestimated our observationally-based estimates of vdep. Consequently, I sought
a better model representation to fit the observation-based estimates for u∗ < u∗th.
To that end, some aspects of the newest scheme proposed by Zhang and Shao
(2014) were incorporated into the Zhang et al. (2001) scheme. While sharing some
similarities, the parameterization from Zhang and Shao (2014) does not consider
desert bare surfaces as totally smooth surfaces, allowing the interception of dust
particles by micro-roughness elements. The resulting tuned dry deposition velocity
parameterization is given by:

vdep.tuned(Di) = 1
B1Ra +Rs(Di)

+ vg(Di) (5.24)

where Ra and Rs are defined as in Eq. 5.23. The differences in the tuned
parameterization with respect to Eq. 5.23 are as follows: (1) Ra is multiplied by
a correction factor B1 > 0; (2) in the impaction term EIM , the constant α is now
set to 0.6; (3) the form of the Stokes number for vegetated surfaces (Slinn, 1982) is
now used, which is given by St = u∗vg(Di)/(gdc), where dc is the diameter of the
roughness elements; and (4) the interception is now EIN = Ainu∗10−St2Di/dc, where
the term Ain is an empirical parameter that accounts for the effect of micro-roughness
characteristics (Zhang and Shao, 2014).

By adjusting the values of B1, dc and Ain, this tuned parameterization could
reasonably fit the observation-based estimates. Subsequently, this parameterization
was used to estimate the dry deposition flux, which was then employed to estimate
the emitted dust flux for all u∗ conditions using Eq. 5.21. Results of dry deposition
and emitted fluxes obtained using F19 and Z01 are also provided in Appendices D
and E. The dry deposition and emitted dust fluxes were estimated for the same 15
min samples used for diffusive flux, and subsequently were averaged over the same u∗
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intervals.

Compared to the diffusive flux (see Sect. 5.3.5) there is an extra source of
uncertainty for the estimated emitted flux: vdep. However, there are two factors to
consider. First, as there is only observation-based vdep for the first three u∗ intervals,
it is not possible to estimate its uncertainty for the rest of the u∗ intervals. Second,
dry deposition parameterizations, such as those employed in this thesis, are prone to
significant structural uncertainties, as evidenced by their disparities with observations.
Future work may explore the use of other deposition models that better fit our
measurements, but is out of the scope of this thesis and for this reason the uncertainty
of vdep has been neglected in the calculation of the uncertainty of the emitted flux. So,
as for the diffusive flux, the uncertainty of the estimated emitted flux in each bin and
timestamp was calculated assuming the FidasL as the reference device, correcting
the systematic deviation of the FidasU and only propagating the random uncertainty
as follows:

σFemi(Di) = u∗κ
σcu(Di)

ln
(

zu

zl

)
− Ψm

(
zu

L

)
+ Ψm

(
zl

L

) + vdep(Di) − vg(Di)
2 σcu(Di) (5.25)

Thus, the uncertainty in the estimated emitted flux σFemi(Di) only depends on
the uncertainty of the FidasU concentration with respect to the FidasL concentration
σcu(Di). Finally, the average total uncertainty within each u∗ interval for each bin
is calculated as the square root of the quadratic sum of the standard error of the
estimated emitted flux (selecting all the timestamps belonging to that u∗ interval) and
the average estimated emitted flux uncertainty within each u∗ interval, σFemi(Di)avg .
The latter is calculated for each u∗ interval as σFemi(Di)avg =

√∑
σ2

Femi(Di)j
/N where

σFemi(Di)j
is the uncertainty of each 15 min size-resolved emitted flux in the u∗ interval,

N is the number of 15 min measurements in the u∗ interval, i is the size bin and j is
the measurement time index within each u∗ interval.

Likewise, I calculated the number and mass fractions of the emitted dust flux
using the vdep tuned formulation integrated over the size ranges: ∼ 0.37 < Di < 1 µm,
∼ 1 < Di < 2.5 µm, ∼ 2.5 < Di < 10 µm and Di > 10 µm for the different u∗ intervals,
type of event and the two wind direction sectors (Chap. 10). Analogous tests of
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significance as those described in Sect. 5.3.5 were also applied for the estimated
emitted flux.
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Chapter 6

Overview of the atmospheric
conditions and dust events during

the campaign

Times series of measured atmospheric conditions and near-surface dust concentrations
are displayed in Fig. 6.1; u∗ and atmospheric stability, along with saltation and
diffusive fluxes, are displayed in Fig. 6.2. As expected, the daily cycles of temperature
and relative humidity are anti-correlated (Fig. 6.1b), and temperature inversions (Fig.
6.1a), along with atmospheric stability (Fig. 6.2b), are prevalent during nighttime.
Temperature at 2 m height ranges from slightly less than 20 °C during the night to
up to ∼40 °C during the day, and surface relative humidity ranges from as low as 6 %
during the day to up to ∼65 % during the night. There is a shift after 14 September,
with substantial increases in temperature and decreases in relative humidity, with
the exception of 17-18 September, when relative humidity appears to be temporarily
high.

The diurnal cycles of surface wind (Fig. 6.1d) and u∗ (Fig. 6.2a), along with the
associated cycles of dust concentration (Fig. 6.1f and g) and saltation and diffusive
fluxes (Fig. 6.2c, d and e) are generally associated to the diurnal cycle of solar heating.
In the early morning, as the surface starts to warm and releases turbulent sensible
heat, the lower atmosphere becomes unstable. As the day evolves, momentum is
mixed downward from the stronger winds aloft increasing wind speed and u∗, while
stability progressively tends towards neutrality (Fig. 6.2b). Winds are generally
channelled through the valley, broadly parallel to the Drâa river, alternating between
two opposite and preferential wind directions, centred around 80 ° and 240 ° (Fig.
6.1e). The distribution of wind direction and u∗ during the campaign is shown in
Fig. 6.3. We refer to the dust events associated to these recurring diurnal cycles
as “regular” events, for which maximum winds at 10 m can reach 15 min average
values up to ∼11 m s−1 (Fig. 6.1d). From 22 to 25 September winds remain relatively

83



Chapter 6. Overview of the atmospheric conditions and dust events during the
campaign

Figure 6.1: Time series (UTC) of 15 min average (a) temperature (°C) at 1, 2, 4, and 8 m; (b)
relative humidity (%) and temperature (°C) at 0.5 m; (c) pressure (hPa) at 1.5 m; (d) mean wind
speed (m s−1) and (e) mean wind direction (°) at 0.4, 0.8, 2, 5, and 10 m; (f) FidasL (1.8 m)
particle concentrations in number cn

l (# m−3); and (g) in mass cm
l (µg m−3). In (f) and (g) the total

concentrations are represented as lines (left y axis), whereas size-resolved concentrations are shown
as colour contours (right y axis) in the original size bin resolution. Vertical grey lines in (a)-(d) and
horizontal grey lines in (e) highlight, respectively, periods and wind directions for which u∗ > u∗th.
The time series of u∗ is depicted in Fig. 6.2a.
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Figure 6.2: Time series (UTC) of 15 min averaged (a) friction velocity u∗ (m s−1); (b) atmospheric
stability represented by z/L, where z is the reference height 2 m; (c) saltation flux (g m−1 s−1); (d)
bulk and size-resolved diffusive flux in number (# m−2 s−1) between 0.27 and 19.11 µm; and (e)
bulk and size-resolved diffusive flux in mass (µg m−2 s−1) between 0.27 and 19.11 µm. Grey areas in
(a)-(c) highlight times with u∗ > u∗th. Data gaps in u∗, atmospheric stability, and diffusive fluxes
result from limits in the applicability of the law of the wall method. The size-resolved diffusive
fluxes are shown in the integrated size bin resolution. Only the bulk and size-resolved diffusive
fluxes that are positive are represented.
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Figure 6.3: Wind rose at 2 m height for different u∗ intervals (m s−1). The length of each bar
represents the fraction of time the wind blows from that direction.

calm, and after 25 September diurnal cycles are less marked and dust events are more
intermittent and short-lived.

In addition to these regular events, we also captured two strong cold pool
outflows (hereafter referred to as “haboob” events) in the evening of 4 September
and in the afternoon of 6 September, both marked with a red “H” in Figs. 6.1
and 6.2. Cold pool outflows result from density currents created by latent heat
exchange of evaporating rain in deep convective downdrafts. The arrival of sharply
defined dust walls, caused by the gust fronts at the leading edge of the outflow winds,
were not only directly witnessed by the field campaign team but can be also clearly
detected in the measurements. A 1 min frequency time-lapse video recorded from
the Fidas location during 6 September clearly shows the arrival of the haboob in the
afternoon (FRAGMENT team, 2023). Both haboob events are characterized by the
highest 10 m winds recorded during the campaign (15 min averages of ∼11.5 m s−1

and ∼14 m s−1, respectively) and unusually fast changes in atmospheric conditions
with values consistent with previous haboob studies (Miller et al., 2008): sudden
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increases in wind speed, decreases in 2 m temperature of ∼8–9 °C, increases in relative
humidity of ∼24–32 %, and a rise of ∼2 hPa in surface pressure (Fig. 6.1c). During
these events, precipitation was not detected by our rain gauge, but during the night of
6 September there was water flowing downriver, which caused flooding of large areas
in the vicinity of our lake on the next day (not affecting the lake itself), suggesting
that heavy showers occurred over the mountain range to the north of our location
(Fig. 5.5c).

Dust concentration (Fig. 6.1f and g) exhibits peaks of varying intensity about
every ∼1–2 days, consistent with the wind speed and u∗ patterns. Number and mass
concentrations were 5 × 107 # m−3 and 1243 µg m−3 on average, respectively, and
there were 10 days when the 15 min dust mass concentration exceeded 104 µg m−3.
As expected for dust, the number concentration was dominated by fine particles,
and the mass concentration was dominated by coarse and super-coarse dust. Dust
concentration is generally correlated with saltation (Fig. 6.2c) and diffusive fluxes
(Fig. 6.2d and e), with the notable exception of an event that extends over the evening
of 17 September and the morning of 18 September. During this event, concentrations
reached values that are among the highest recorded during the campaign (Fig. 6.1f
and g), although winds were low (Fig. 6.1d), saltation was absent (Fig. 6.2c),
and diffusive fluxes were negative (note that negative fluxes are not represented in
Fig. 6.2d and e). The latter implies that dust was transported from elsewhere and
deposited, but it was not emitted from our site. Given that convective storms were
spotted from a distance during that evening and the event was characterized by high
relative humidity values (Fig. 6.1b), we hypothesize that those highly dust-loaded
air masses that slowly and persistently reached our site were generated by precedent
haboob activity upwind.

Additionally, the presence of anthropogenic aerosols with diameters below
∼0.4 µm was detected during the campaign. Its influence becomes more noticeable
when winds are weak and mass concentrations are low. This feature is better
appreciated in Fig. 6.4, where the size-resolved concentrations from FidasL (shown
as colour contours on the right y axis) are depicted as percentages of number and
mass fractions, compared to Figure 6.1f and g, where the size-resolved concentrations
from FidasL (also shown as color contours on the right y axis) are represented
as absolute concentrations. These findings are consistent with measured optical
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properties analysed in Yus-Díez et al. (prep). Notably, during the period between
8 and 10 September, when there were low winds coming from the east (i.e. from
M’Hamid), the influence of these anthropogenic aerosols was particularly evident.
The presence of such anthropogenic aerosols in the lower size range of the measured
PSD is further supported and discussed in Chap. 8.1.

Figure 6.4: Solid lines represent the time evolution of the 15 min average total particle concentrations
between 0.25 to 19.11 µm in number (# m−3) (a) and mass (µgm−3) (b). Contour plots on the
background show the size-resolved particle number (a) and mass (b) concentration fractions (%) for
each time step.

Saltation and diffusive fluxes are highly correlated and occur regularly
throughout the campaign, peaking typically between 12:00 and 18:00 UTC in
accordance with maximum surface winds and u∗. Figure 6.5 displays Q against τ ,
along with the regression curves of the form Q = Cu∗(τ − τth) (magenta line) and
Q = C(τ − τth) (green line). The fitting parameters, denoted as C and the impact
threshold stress, τth, are reported in the graph along with the standard error of the
estimate for each regression model. Our measurements seem to slightly better fit the
3/2 form (magenta line) than the linear fit (green line). Therefore, in this study u∗th

is assumed to be 0.16 m s−1, which is reached nearly every day. u∗ shows peaks up to
∼ 0.4 m s−1 during regular events and reaches up to ∼ 0.6 m s−1 during the haboob
event that occurred on the afternoon of 6 September (Fig 6.2a). Wind erosion occurs
mostly under unstable or close to neutral atmospheric conditions (Fig. 6.2b). For
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u∗ > u∗th, the 15 min average of total vertical diffusive flux in terms of number and
mass are on average 3.7×106 # m−2 s−1 and 191 µg m−2 s−1, respectively, reaching
maximum values of 8.4 × 107 # m−2 s−1 and 5116 µg m−2 s−1 on 6 September.

Figure 6.5: Saltation flux (kg m−1 s−1) versus wind shear stress (Pa). The points correspond to
the 15 min values in which (1) there is a simultaneous net positive diffusive flux and saltation flux,
(2) the diffusive flux is positive in all size bins above 0.4 µm and (3) u∗ > 0.1 m s−1. The mean air
density under these conditions used to infer u∗th was ρair = 1.07 kg m−3. Squares and triangles are
used to identify the values corresponding to haboobs on 4 and 6 September, respectively. The green
and magenta lines represent respectively the regression curves of the form Q = C · (τ − τth) and
Q = C · u∗ · (τ − τth). The fitting parameters C and τth for these respective linear and 3/2 fits are
shown in the graph along with the standard error of the estimate for each case.
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Characterization of saltation and
sandblasting efficiency

Figure 7.1a, b and c display the diffusive flux, saltation flux, and sandblasting efficiency
against u∗. I used coincident 15 min data between saltation and diffusive flux, and
only when the diffusive flux was positive in all dust size bins with Di > 0.4 µm, i.e.
the bulk diffusive flux is considered between 0.37 and 19.11 µm (see Chap. 8.1 for
more details). The points corresponding to the haboobs on 4 and 6 September are
depicted with squares and triangles, respectively. Regression curves of the form a · ub

∗

are also represented for u∗ > u∗th. The 95% confidence intervals of the parameters
of each regression curve are shown in Table 7.1. Figures 7.2 and 7.3 are analogous
to Fig. 7.1, but are done selecting only the 15 min values corresponding to the two
predominant wind directions (45–90 ° and 225–270 °, respectively). Similarly, Tables
7.2 and 7.3 are analogous to Table 7.1.

Considering all the available measurements (Fig. 7.1), the diffusive flux ranges
mostly between ∼101 and ∼103 µg m−2 s−1 and the power law exponent b is 3.88 (Fig.
7.1a). The obtained exponent is within the range shown in Ishizuka et al. (2014)
(their Fig. 5), where b varies between approximately 3 and 6 across different datasets
gathered from the literature (Gillette, 1977; Nickling, 1983; Nickling and Gillies, 1993;
Nickling et al., 1999; Gomes et al., 2003b; Rajot et al., 2003; Sow et al., 2009); this is
likely due to differences in soil type and soil surface conditions.

The saltation flux ranges between about 10−1 and 102 g m−1 s−1. The power law
exponent b is slightly higher than that obtained for the diffusive flux, i.e. b = 4.31
(Fig. 7.1b). This value is larger than that reported in Gillette (1977) for most soils
(b ≈ 3). Additionally, the saltation flux is higher for similar ranges of u∗ compared
to Alfaro et al. (2022) (their Fig. 4), where data of two major dust field campaigns
(JADE and WIND-O-V) are re-analysed. For u∗ ≈ 0.25–0.45 m s−1, our 15 min
saltation flux varies between 100 and 102 g m−1 s−1, while the 1 min and 16 min
measurements from the JADE and WIND-O-V campaigns, respectively, vary between
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10−1 and 101 g m−1 s−1. Using the same instrument (SANTRI) as in this study,
Klose et al. (2019) reported a maximum 1 min saltation flux of almost 101 g m−1 s−1

for u∗ > 0.8 m s−1, approximately an order of magnitude smaller than our 15 min
maximum values occurring during the haboobs for smaller u∗. The large saltation
fluxes suggest, despite the hard surface crusting, that the sand supply was such
that our site did not experience considerable supply limitation, i.e. that saltation
transport was mainly driven by atmospheric momentum and not by particle availability.

Figure 7.1: (a) Diffusive flux (µg m−2 s−1) versus friction velocity u∗ (m s−1), (b) saltation
flux (g m−1 s−1) versus u∗ (m s−1), (c) sandblasting efficiency (m−1) versus u∗ (m s−1), and (d)
sandblasting efficiency (m−1) versus saltation flux (g m−1 s−1). Colours represent the wind direction
(°). The points shown in all panels correspond to the 15 min values in which there is a simultaneous
net positive diffusive flux and saltation flux, and when the diffusive flux is positive in all size bins
with Di > 0.4 µm, i.e. the bulk diffusive flux is considered between 0.37 and 19.11 µm. Sandblasting
efficiency is defined as the ratio of the vertical and horizontal fluxes in mass. Squares and triangles
are used to identify the values corresponding to haboobs on 4 and 6 September, respectively. The
lines in (a)-(d) represent the regression curves of the form a · ub

∗ for u∗ > u∗th. The coefficient of
determination (in logarithmic space) of each regression curve is shown in its respective graph, and
the 95% confidence intervals of a and b are reported in Table 7.1.
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Table 7.1: Obtained parameters a and b from each regression curve in Fig. 7.1 (all wind directions)
along with their 95% confidence intervals.

a a [95% C.I.] b b [95% C.I.]

F = a · ub
∗

3.45 · 104 [2.15, 5.53] · 104 3.88 [3.54, 4.23]

Q= a · ub
∗

1.67 · 103 [0.88, 3.17] · 103 4.31 [3.85, 4.78]

F/Q= a · ub
∗

2.06 · 10−5 [1.19, 3.55] · 10−5 −0.43 [−0.83, −0.04]

F/Q= a · Qb

6.24 · 10−5 [5.58, 6.98] · 10−5 −0.33 [−0.39, −0.28]

Comparison of the height-dependent saltation flux obtained with SANTRI4 with
that from the co-located MWAC sampler (not shown) confirmed that both were
largely consistent, with SANTRI4 tending to record slightly higher fluxes. This is in
qualitative agreement with the comparison of saltation measurement devices from
Goossens et al. (2018).

The intensity of saltation impacts the aerodynamic roughness length z0 due to
momentum absorption by the saltating particles (Owen, 1964; Gillette et al., 1998).
Figure 7.4 displays the roughness length z0 against u∗ under saltation conditions,
that is 15 min values with a positive saltation flux, in our site. I only used the values
in which at the same time u∗ > u∗th. z0 ranges mostly between 10−5 and 10−4 m
and shows quite a lot of scatter, particularly for u∗ below 0.2 m s−1. Furthermore,
z0 increases with u∗. This increase was also observed in Dupont et al. (2018) and
Field and Pelletier (2018), although our roughness lengths were about one order
of magnitude smaller, consistent with values obtained in other playas (Marticorena
et al., 2006). z0 is also sensitive to wind direction, with values about one order of
magnitude higher for wind directions 135–180 ° and 315–360 °, the latter one close to
the alignment of our instruments. There are also differences, albeit relatively small,
between the two predominant wind directions, 225–270 ° and 45–90 ° (Fig. 7.4).
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Chapter 7. Characterization of saltation and sandblasting efficiency

Figure 7.2: Analogous to Fig. 7.1 but considering only wind directions between 45–90 °. Fitting
parameters along with their respective 95% confidence intervals are reported in Table 7.2.

Table 7.2: Obtained parameters a and b from each regression curve in Fig. 7.2 (wind directions
between 45–90 °) along with their 95% confidence intervals.

a a [95% C.I.] b b [95% C.I.]

F = a · ub
∗

1.19 · 105 [0.54, 2.64] · 105 4.72 [4.13, 5.31]

Q= a · ub
∗

5.13 · 103 [1.47, 17.98] · 103 4.81 [3.88, 5.75]

F/Q= a · ub
∗

2.32 · 10−5 [0.89, 6.04] · 10−5 −0.10 [−0.81, 0.62]

F/Q= a · Qb

5.02 · 10−5 [4.02, 6.26] · 10−5 −0.30 [−0.39, −0.21]
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Figure 7.3: Analogous to Fig. 7.1 but considering only wind directions between 225–270 °. Fitting
parameters along with their respective 95% confidence intervals are reported in Table 7.2.

Table 7.3: Obtained parameters a and b from each regression curve in Fig. 7.3 (wind directions
between 225–270 °) along with their 95% confidence intervals.

a a [95% C.I.] b b [95% C.I.]

F = a · ub
∗

4.12 · 104 [1.69, 10.06] · 104 4.07 [3.44, 4.69]

Q= a · ub
∗

7.62 · 102 [2.90, 19.98] · 102 3.90 [3.22, 4.57]

F/Q= a · ub
∗

5.41 · 10−5 [2.23, 13.10] · 10−5 0.17 [−0.45, 0.79]

F/Q= a · Qb

5.40 · 10−5 [4.59, 6.35] · 10−5 −0.21 [−0.32, −0.10]
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Chapter 7. Characterization of saltation and sandblasting efficiency

Figure 7.4: Relationship between 15 min averages of surface roughness length, z0, and friction
velocity, u∗, under wind erosion conditions. Colors indicate wind direction at 2 m height. Squares
and triangles are used to identify the values corresponding to haboobs on 4 and 6 September,
respectively.

Our measurements are also fitted in Fig. 7.5a to the relationship z0 = Cch ·u2
∗/g

originally derived by Charnock (1955) for water surfaces, but also applicable for
sand and snow surfaces (Owen, 1964; Chamberlain, 1983). A value of Cch = 0.02 is
obtained when taking into account all data, although the dispersion is very high and
R2 (in logarithmic space) very low. This value coincides with that obtained by Owen
(1964) and that derived in Dupont et al. (2018) for some of the wind erosion events
during the WIND-O-V 2017 Experiment. Smaller values of Cch = 0.007 and 0.004
and a higher R2 (in logarithmic space) are obtained, when considering separately
the predominant wind directions 225–270 ° and 45–90 °, respectively (Fig. 7.5a).
Our measurements are fitted as well to the modified Charnock’s model proposed by
Sherman (1992), which uses a more physical relation and accounts for the presence
of a threshold: z0 − (2D50/30) = Cch · (u∗ − u∗th)2/g, where 2D50/30 represents the
minimum plausible roughness length, being D50 the mean grain diameter of the
saltators, and u∗ − u∗th the excess shear velocity. For this fitting it was considered
that u∗th = 0.16 m s−1 (as described in Chap. 6) and that D50 = 0.13 mm. A value
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of Cch = 0.07 is obtained when taking into account all data and Cch = 0.02 and
0.01, when considering separately the predominant wind directions 225–270 ° and
45–90 °, respectively (Fig. 7.5b). A lower R2 (in logarithmic space) is obtained in
the three cases compared to Charnock’s model. In Fig. 7.5, I used 15 min data with
a positive saltation flux and when u∗ > u∗th while in Fig. 7.6 only the values when
u∗ > 0.2 m s−1 were selected. In the latter, Cch values remain without many changes
but it is worth noting the significant increase in R2 (in logarithmic space).

Figure 7.5: (a) The Charnock relationship between shear velocity and roughness length. (b) The
modified Charnock relationship between shear velocity and roughness length. The points shown
in both panels correspond to the 15 min values with a positive saltation flux and when u∗ > u∗th.
Colours indicate wind direction at 2 m height. The respective lines represent the regression curves
for all the data (grey) and for wind directions between 45–90 ° (orange) and 225–270 ° (blue).
The resulting fit-parameters and coefficients of determination are given in the figure. Squares and
triangles are used to identify the values corresponding to haboobs on 4 and 6 September, respectively.

The sandblasting efficiency ranges between about 10−6 and 10−3 m−1, although
most values are concentrated between 10−5 and 10−4 m−1 (Fig. 7.1c). These results
are similar to those obtained in Gomes et al. (2003b) (corresponding to a soil nominally
of silt loam texture in Spain), Gomes et al. (2003c) (for a sandy soil with a very low
clay and silt content in Niger), and the results of the soils 4 (sandy), 5 (sandy) and 9
(clay) reported in Gillette (1977). However, our values are on the lower end of the
range reported in Gillette (1977) and Alfaro et al. (2022), where most sandblasting
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Chapter 7. Characterization of saltation and sandblasting efficiency

Figure 7.6: Analogous to Fig. 7.5 but selecting the 15 min values with a positive saltation flux and
when u∗ > 0.2 m s−1.

efficiencies are above 10−4 m−1. The sandblasting efficiency tends to decrease slightly
with increasing u∗ when considering all wind directions, i.e. the exponent of the
power law is negative (b = −0.43), but R2 (in logarithmic space) is very small.
There is some dependency of the sandblasting efficiency upon wind direction. For
example, sandblasting efficiencies are higher under southeasterly winds (135–180 °)
than under the dominant wind directions (45–90 ° and 225–270 °). The exponent of
the power law also changes between predominant wind directions (See Figs. 7.2 and
7.3), but the amount of data is rather small and shows significant scatter, and R2 (in
logarithmic space) is small. Interestingly, some of the lowest sandblasting efficiency
values (∼ 10−5 m) are obtained during the haboob events, at least in part due to an
enhanced reduction of coarse and super-coarse particles in the diffusive fluxes during
the haboob events as discussed in Chap. 8.3.

There is a more robust decrease in sandblasting efficiency with increasing
saltation fluxes (Fig. 7.1d), which is also evident in each of the two dominant wind
directions (See Figs. 7.2 and 7.3). Such decreases in the sandblasting efficiency with
increasing u∗ and saltation flux are also found in Alfaro et al. (2022) using data
from the JADE and WIND-O-V field campaigns. To explain this result, Alfaro et al.
(2022) suggests that the proportion of emitted fine particles produced by sandblasting
should increase with Q due to enhanced aggregate disintegration, which leads to lower
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sandblasting efficiencies. We discuss in Chap. 9 a variety of potential mechanisms
to explain the variations in the diffusive flux PSD with u∗ that contribute to the
decrease in sandblasting efficiency with increasing u∗.

All in all, our results highlight the prominence of saltation in our site, which
produces strong diffusive fluxes despite the relatively low sandblasting efficiencies.
These features are consistent with the measured surface sediment properties. On
the one side, L’Bour was surrounded by small dunes with a minimally dispersed
volume median diameter of 132.2 µm and a considerable amount of saltators below
100 µm (See Fig. 5.6), which translates into rather optimal saltation conditions. For
instance, saltation is detected even when u∗ < u∗th based on 15 min averages (Fig.
7.1b). During such situations, saltation was typically intermittent during the 15
min period; hence, instantaneous momentum fluxes could be large enough to enable
particle transport. On the other side, the low sandblasting efficiencies are attributed
to the paved sediment that constituted the surface of the ephemeral lake.
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Chapter 8

Variability of the dust PSD at
emission

In this chapter, variations in the dust PSD are analysed after the identification and
removal of any potential anthropogenic aerosol influence. To provide a comprehensive
view, the number and mass normalized and non-normalized PSDs of concentration
(Figs. 8.1 and 8.2) and diffusive flux (Figs. 8.5 and 8.6) are studied. Regarding
the forthcoming discussion on dust concentrations, the concentrations being referred
to are those derived from FidasL. Nevertheless, analogous results are obtained
using data from FidasU after correcting for the systematic deviation (Figs. 8.3
and 8.4), albeit with the typical decrease in dust concentration as height increases.
For concentration PSDs all available measurements covering the full range of u∗ are
considered, but for diffusive flux PSDs, they are only considered when u∗ > 0.15 m s−1,
i.e. well-developed erosion conditions, and when the diffusive flux is positive in all
size bins with Di > 0.4 µm (this minimum size is taken to avoid any anthropogenic
aerosol contamination as discussed in Sect. 8.1). Figs. 8.1–8.6 group the PSDs into
u∗ intervals, types of events (regular versus haboob events), and wind directions (for
the sake of simplicity only two 180 ° wind direction sectors are shown to the east
and west of the alignment between the Fidas and the 10 m tower, as depicted in
Fig. 5.5d). A preliminary analysis did not show any effect of atmospheric stability
independent of u∗ upon the PSD, in agreement with Dupont (2022) and in contrast
with some recent studies (Khalfallah et al., 2020; Shao et al., 2020), likely due to the
small range of stability conditions during our campaign (Chap. 6). However, this
aspect was not analysed in detail and will require further analysis in the future.
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Chapter 8. Variability of the dust PSD at emission

8.1. Identification and removal of the anthropogenic
aerosol influence

The analysis of the number PSDs shows the influence of non-geogenic (anthropogenic)
particles for Di < 0.4 µm. The number concentration PSDs show a sharp increase
in particles with Di < 0.4 µm during regular events that is particularly evident for
small u∗ (Fig. 8.1a and b). This feature tends to diminish and even disappear
with increasing u∗ in the number concentration PSD, which demonstrates its small
dependence upon wind erosion. It also disappears in the number diffusive flux (Fig.
8.5a and b), which further confirms the transport and not the emission of small
anthropogenic particles in our measurement site. This result is further confirmed in
other studies conducted by other researchers from the FRAGMENT project based
upon the analysis of airborne samples with electron microscopy (Panta et al., 2023)
and measurements of optical properties (Yus-Díez et al., prep). It is also consistent
with the anthropogenic sulfate and carbonaceous particle mode detected at Tinfou
(∼50 km northeast of L’Bour, beyond the mountain range and the enclosed desert
basin) during the SAMUM field campaign (Kaaden et al., 2009; Kandler et al., 2009).

Compared to regular events, haboob events show markedly less anthropogenic
influence (Fig. 8.1b). This could be related to the fresher air masses (carrying less
background anthropogenic aerosols) within the cold pool outflows from the convective
storms originated in the vicinity of our measurement location.

The analysis of the PSD evolution with u∗ shows that the influence of
anthropogenic aerosol upon the number concentration is negligible for Di > 0.4 µm.
It is worth noting that similar potentially anthropogenic features can be recognized
around 0.3 µm in PSDs from other wind erosion studies such as in Sow et al. (2009)
(their Fig. 8) and Fratini et al. (2007) (their Fig. 5). In this study, in order to avoid
any anthropogenic aerosol contamination (particularly for low u∗), the normalized
PSDs shown in linear and logarithmic scales in Figs. 8.1c-d, 8.2c-d, 8.5c-d, and
8.6c-d consider only Di > 0.4 µm.
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8.1. Identification and removal of the anthropogenic aerosol influence

Figure 8.1: Average size-resolved particle number concentration, dN/dlnDi (# m−3), from FidasL
for different u∗ intervals, types of events (regular or haboob), and wind directions in the range
150–330 ° (a) and 330–150 ° (b). The number of available 15 min average PSDs in each u∗ interval is
indicated in the legend. Panels (c)-(d) are the same as (a)-(b) but normalized (Norm. dN/dlnDi)
after removing the anthropogenic mode (normalization from 0.42 to 19.11 µm). The insets show
the same data but with logarithmic ordinate axis scaling. Shaded areas around the lines depict
the standard error. In (a) and (b) the dashed dark blue line marks the end of the anthropogenic
mode (Di = 0.44 µm). Data are shown using original size bin resolution, but the first 3 bins are not
represented as Fidas is only considered efficient from the fourth one onward.
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Chapter 8. Variability of the dust PSD at emission

Figure 8.2: Average size-resolved particle mass concentration, dM/dlnDi (µg m−3), from FidasL
for different u∗ intervals, types of events (regular or haboob), and wind directions in the range
150–330 ° (a) and 330–150 ° (b). The number of available 15 min average PSDs in each u∗ interval are
indicated in the legend. Panels (c)-(d) are the same as (a)-(b) but normalized (Norm. dM/dlnDi)
after removing the anthropogenic mode (normalization from 0.37 to 19.11 µm). The insets show
the same data but with logarithmic ordinate axis scaling. Shaded areas around the lines depict the
standard error. In (a) and (b) the dashed dark blue line marks the end of the anthropogenic mode
(Di = 0.42 µm). In this case, the original size resolution of FidasL has been reduced by integrating
4 consecutive bins, except for the last one that contains 3, resulting in 16 bins. The first integrated
bin is not represented as Fidas is considered efficient from the second one onward.
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8.1. Identification and removal of the anthropogenic aerosol influence

Figure 8.3: Average size-resolved particle number concentration, dN/dlnDi (# m−3), from FidasU
for different u∗ intervals, types of events (regular or haboob), and wind directions in the range
150–330 ° (a) and 330–150 ° (b). The number of available 15 min average PSDs in each u∗ interval is
indicated in the legend. Panels (c)-(d) are the same as (a)-(b) but normalized (Norm. dN/dlnDi)
after removing the anthropogenic mode (normalization from 0.42 to 19.11 µm). The insets show
the same data but with logarithmic ordinate axis scaling. Shaded areas around the lines depict
the standard error. In (a) and (b) the dashed dark blue line marks the end of the anthropogenic
mode (Di = 0.44 µm). Data are shown using original size bin resolution, but the first 3 bins are not
represented as Fidas is only considered efficient from the fourth one onward.
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Chapter 8. Variability of the dust PSD at emission

Figure 8.4: Average size-resolved particle mass concentration, dM/dlnDi (µg m−3), from FidasU
for different u∗ intervals, types of events (regular or haboob), and wind directions in the range
150–330 ° (a) and 330–150 ° (b). The number of available 15-min average PSDs in each u∗ interval are
indicated in the legend. Panels (c)-(d) are the same as (a)-(b) but normalized (Norm. dM/dlnDi)
after removing the anthropogenic mode (normalization from 0.37 to 19.11 µm). The insets show the
same data, but with logarithmic ordinate axis scaling. Shaded areas around the lines depict the
standard error. In (a) and (b) the dashed dark blue line marks the end of the anthropogenic mode
(Di = 0.42 µm). In this case, the original size resolution of FidasU has been reduced by integrating
4 consecutive bins, except for the last one that contains 3, resulting in 16 bins. The first integrated
bin is not represented as Fidas is considered efficient from the second one onward.
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8.2. Differences between concentration and diffusive flux PSDs and their
dependencies upon u∗ and wind direction

8.2. Differences between concentration and diffusive
flux PSDs and their dependencies upon u∗ and wind
direction

The non-normalized number (Fig. 8.1a and b) and mass concentration PSDs (Fig.
8.2a and b) show the expected strong scaling of concentration with u∗ for all size bins,
where the number is dominated by fine dust and the mass by coarse and super-coarse
dust. For equivalent u∗ intervals, concentrations are higher when the wind comes
from the western sector. The normalized number PSDs (Fig. 8.1c and d) further
depict how the shape of the concentration PSD depends upon u∗ and wind direction.
Overall, there is a relative decrease in sub-micrometre dust particles and a relative
increase in super-micrometre particles, especially around 1.5–2 µm, with increasing u∗,
from calm (purplish and blueish lines) to well-developed erosion conditions (yellow,
orange, and reddish lines). However, it can be observed that for u∗ > 0.25 m s−1

during regular events (orange, red and dark red lines) the fraction of sub-micrometre
particles slightly increases with increasing u∗, which is even more evident for the
eastern sector. Also for these cases (orange, red, and dark red lines), the number
fraction of sub-micrometre particles is higher when winds come from the western
sector (maxima at 0.6–0.7) than from the eastern sector (maxima at 0.5–0.6).

The normalized mass concentration PSDs (Fig. 8.2c and d) provide further
insights into the dependencies of the concentration PSD upon u∗. During regular
events, the mass fraction of coarse particles with Di ∼ (4–10) µm tends to increase
and that of super-coarse particles with Di > 10 µm tends to decrease as u∗ increases.
The peak of the mass PSD, which appears in the super-coarse fraction, tends to shift
towards smaller diameters as u∗ increases. These features are broadly similar for
both wind direction sectors.

Figures 8.5 and 8.6 depict the diffusive flux PSDs in terms of number and
mass, respectively. The PSDs in these figures include the uncertainty (adding both
the standard error and the average random uncertainty obtained as described in
Chap. 5.3.5) for each u∗ range. For the sake of figure clarity, the uncertainty is
shown only for regular events. Appendix C contains similar figures including only
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Figure 8.5: Average size-resolved number diffusive flux, dFn/dlnDi (# m−2 s−1), for different u∗

intervals, types of events (regular or haboob) and wind directions in the range 150–330 ° (a) and
330–150 ° (b). The number of available 15-min average PSDs in each u∗ interval are indicated in
the legend. Only the samples where diffusive flux is positive in all the diameter bins above the
anthropogenic mode (as discussed in Sect. 8.1) have been selected. Panels (c)-(d) are the same as
(a)-(b) but normalized (Norm. dFn/dlnDi) after removing the anthropogenic mode (normalization
from 0.37 to 19.11 µm). The insets show the same data, but with logarithmic ordinate axis scaling.
Shaded areas around the lines of the regular event PSDs depict the combination of random uncertainty
and standard error. In (a) and (b) the dashed dark blue line marks the end of the anthropogenic
mode (Di= 0.42 µm). In this case, the original size resolution of FidasL has been reduced by
integrating 4 consecutive bins except for the last one that contains 3, resulting in 16 bins. The
first integrated bin is not represented as Fidas is considered efficient from the second one onward.
Results are shown only for well-developed erosion conditions (u∗ > 0.15 m s−1).
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8.2. Differences between concentration and diffusive flux PSDs and their
dependencies upon u∗ and wind direction

Figure 8.6: Average size-resolved mass diffusive flux, dFm/dlnDi (µg m−2 s−1), for different u∗

intervals, types of events (regular or haboob) and wind directions in the range 150–330 ° (a) and
330–150 ° (b). The number of available 15-min average PSDs in each u∗ class are indicated in
the legend. Only the samples where diffusive flux is positive in all the diameter bins above the
anthropogenic mode (as discussed in Sect. 8.1) have been selected. Panels (c)-(d) are the same as
(a)-(b) but normalized (Norm. dFm/dlnDi) after removing the anthropogenic mode (normalization
from 0.37 to 19.11 µm). The insets show the same data but with logarithmic ordinate axis scaling.
Shaded areas around the lines of the regular events PSDs illustrate the combination of random
uncertainty and standard error. In (a) and (b) the dashed dark blue line marks the end of the
anthropogenic mode (Di= 0.42 µm). In this case, the original size resolution of FidasL has been
reduced by integrating 4 consecutive bins except for the last one that contains 3, resulting in 16
bins. First integrated bin is not represented as Fidas is considered efficient from the second one
onward. Results are shown only for well-developed erosion conditions (u∗ > 0.15 m s−1).
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the uncertainties for each u∗ range associated with the haboob events (Figs. C.1 and
C.2). Additionally, the diffusive flux PSDs with uncertainties accounting only for
standard errors are also provided (Figs. C.3 and C.4).

Figure 8.7 displays the number and mass fractions of diffusive flux between
∼ 0.37 < Di < 1 µm, ∼ 1 < Di < 2.5 µm, ∼ 2.5 < Di < 10 µm and Di > 10 µm
for the different u∗ intervals, types of events (regular or haboob), and the two
wind directions sectors. The diffusive flux PSDs show consistent but more marked
dependencies upon u∗ and wind direction in comparison to the concentration PSDs
for well-developed erosion conditions. During regular events, the proportion of
sub-micrometre particles is lower and increases with u∗ more strongly in the diffusive
flux than in the concentration for both wind sectors (Figs. 8.5c and d versus 8.1c
and d). The opposite is observed for super-micrometre particles. The differences
between, for instance, the u∗ intervals (0.30–0.35] m s−1 and (0.15–0.20] m s−1 for the
two smallest size bins (0.37–0.49 µm and 0.49–0.65 µm) and the two wind sectors are
statistically significant (p value < 0.05; see Chap. 5.3.5 for details on the tests of
significance). The u∗ interval (0.35–0.43] m s−1 was not used due to the small number
of samples, especially in the western sector. After integration (Fig. 8.7a and b) the
sub-micrometre number fractions when u∗ is in the (0.30–0.35] m s−1 interval are
∼15 % and ∼13 % higher for the western and eastern sectors, respectively, than when
u∗ is in the (0.15–0.20] m s−1 interval. However, these differences are not statistically
significant at a significance level of 0.05 (p values are 0.11 and 0.07 for the western
and eastern sectors, respectively). The sub-micrometre fraction of diffusive flux is also
more enhanced when the winds come from the western sector than from the eastern
sector. The differences between wind sectors, for instance, for the two smallest size
bins and when u∗ is in the (0.25–0.30] m s−1 interval (this u∗ interval was chosen as
we had similar number of samples in both wind sectors) are statistically significant (p
value < 0.05). Yet again, while the sub-micrometre fraction of diffusive flux is ∼6 %
higher in the western sector than in the eastern sector (Fig. 8.7a and b) this difference
is not statistically significant for a significance level of 0.05 (p value = 0.2358).

Likewise, the diffusive flux PSDs show more marked variations in coarse
and super-coarse particles with increasing u∗ compared to the corresponding
concentration PSDs, a feature that can be better recognized in terms of mass
(Fig. 8.6). During regular events, as u∗ increases, there is a strong decrease in
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8.2. Differences between concentration and diffusive flux PSDs and their
dependencies upon u∗ and wind direction

Figure 8.7: Number and mass diffusive flux fractions for different u∗ intervals, types of events
(regular or haboob) and wind directions in the range 150–330 ° (a)-(c) and 330–150°(b)-(d).

the super-coarse mass fraction and an increase in the coarse mass fraction (Figs.
8.6c, d and 8.7c and d). Also, as in the case of concentration, there is a shift in
the mass diffusive flux PSD towards lower mass median diameters with increasing
u∗. For the regular events, the uncertainties in the normalized PSDs can partly
overlap between contiguous u∗ intervals. However, both the largest size bin (Fig.
8.6c and d) and the super-coarse mass fraction (Di > 10 µm) (Fig. 8.7c and d) show
statistically significant differences. For instance, the differences between the u∗

intervals (0.30–0.35] m s−1 and (0.15–0.20] m s−1 are statistically significant (p value
< 0.05) for both wind sectors.

In summary, the dependencies of diffusive flux PSDs with u∗ and wind direction
are consistent with those from concentration for well-developed wind erosion
conditions. However, there are relevant differences among them that preclude the use
of near-surface concentration as a proxy for the diffusive flux or the emitted dust
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PSD.

8.3. PSD differences between regular and haboob
events

The PSDs obtained during the haboob events differ substantially from the PSDs
obtained during the regular events even for equivalent u∗ values and wind direction.
When winds come from the eastern sector, the haboob number concentration PSDs
(Fig. 8.1b and d) show peaks between 1 and 2 µm (in stark contrast to the 0.5–0.6 µm
peak for equivalent u∗ during regular events), and the negative slope between 0.4 and
2 µm becomes even positive. In terms of diffusive flux, there is also a clear increase in
the super-micrometre number fraction and a decrease in the sub-micrometre number
fraction compared to the regular PSDs (Fig. 8.5d). The coarse and super-coarse
dust fractions with Di > 5 µm in the diffusive mass flux PSDs during the haboob
events show more variability than during the regular events (Fig. 8.6d). In some
cases we observe a more pronounced decrease in the super-coarse mass fraction and
an increase in the coarse fraction in comparison with the regular events.

When winds come from the western sector, the haboob number concentration
PSDs also tend to show an increase in the super-micrometre fraction, especially
between 1 and 2 µm (Fig. 8.1a and c), although in this case the maximum fraction of
particles still peaks below 1 µm (Fig. 8.1c). This last feature is consistent with the
regular PSDs in that direction showing a more enhanced sub-micrometre influence.

In contrast to the regular PSDs, an increase in sub-micrometre particles with
increasing u∗ in the haboob normalized number diffusive flux PSDs is not detected
in either wind direction (Fig. 8.5c and d). The normalized PSDs associated with
the haboob u∗ intervals are characterised by larger uncertainties, particularly with
increasing particle size, than the PSDs associated with the regular events (see Figs.
C.1 and C.2), which is largely due to the smaller number of haboob measurements in
each u∗ interval.
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Chapter 9

What explains the observed PSD
variations? Potential roles of dry

deposition and fetch length,
aggregate disintegration, and

haboob gust front

In chapter 8 it has been shown how and to what extent the concentration and diffusive
flux PSDs depend upon u∗, wind direction, and type of event (regular versus haboob).
Here, I discuss the potential mechanisms that may explain these PSD variations,
which include the effect of dry deposition modulated by the fetch length, aggregate
disintegration during wind erosion, and the impact of the haboob gust front.

The proportion of sub-micrometre particles decreases in the concentration PSD
between calm (purplish and blueish lines) and well-developed erosion conditions
(yellow, orange and red lines) (Fig. 8.1c and d). When u∗ is low, i.e. in the absence
of local emission, the PSDs represent background conditions and therefore present a
smaller fraction of super-micrometre particles due to their shorter lifetime. As u∗

increases, the concentration becomes increasingly dominated by freshly emitted dust,
reducing the influence of the background dust and hence enhancing the proportion
of super-micrometre dust. However, during regular dust events, the proportion of
sub-micrometre particles increases and that of super-micrometre particles decreases
in the diffusive flux PSD as u∗ increases (Fig. 8.5c and d). This is also observed,
although to a lesser extent, in the concentration PSDs for well-developed erosion
conditions when u∗ > 0.25 m s−1 (Fig. 8.1c and d). This could be compatible with two
different mechanisms or the combination thereof. On the one side, it could be due to
a reduction in super-micrometre particles by dry deposition, which increases with u∗

(Dupont et al., 2015). On the other side, the relative enhancement of sub-micrometre
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particles may be the result of more aggregate disintegration with increasing u∗ (Alfaro
et al., 1997; Shao, 2001). These two hypotheses are examined more thoroughly below.

The potentially large effect of dry deposition upon the diffusive flux PSDs
has been recently suggested based on numerical experiments (Dupont et al., 2015;
Fernandes et al., 2019). More specifically, these studies clearly illustrated the key roles
of the dust fetch length and u∗ in this process. As indicated in Chap. 2.4, the dust
fetch is defined as the uninterrupted upwind area generating dust emissions. This
differs from the flux footprint, which is the upwind area that contributes substantially
to the concentration at the measurement location (Schuepp et al., 1990), and which
is here much smaller than the dust fetch, a couple of hundred metres versus several
kilometres, respectively. For a given surface and uniform u∗ along the fetch, the
deposition of dust particles, which is size dependent, slowly increases with the fetch
as the concentration of dust is enhanced. This way, a longer fetch results in a
higher enrichment of the diffusive dust flux in small particles (Fernandes et al.,
2019). Additionally, for a given fetch, an increasing u∗ can substantially modify the
diffusive flux PSD by enhancing the deposition of super-micrometre particles through
impaction, i.e. the direct collision of particles to a surface resulting from their inertia,
and hence reducing the fraction of these particles. Our observations suggest a major
role of dry deposition in shaping the variations in the concentration and diffusive flux
PSDs. On the one side, for equivalent u∗ intervals during regular events, there are in
general higher total number and mass concentrations for the western sector (Figs.
8.1a and 8.2a versus 8.1b and 8.2b, respectively), consistent with the longer fetch in
that direction (60 km versus 10 km in the western and eastern sectors, respectively,
as described in Chap. 5.2). Furthermore, in the normalized number concentration
and diffusive flux PSDs a higher proportion of sub-micrometre particles is observed
in the western sector compared to the eastern sector (Figs. 8.1c and 8.5c versus 8.1d
and 8.5d). On the other side, during regular events when u∗ increases, the mass
fraction of super-coarse particles (Di > 10 µm) decreases and that of fine and coarse
particles (Di < 10 µm) increases, both in the concentration and the diffusive flux
PSDs (Figs. 8.2c, d, 8.6c and d). This effect is more visible when winds come from
the western sector, which has a longer fetch. Our hypothesis is further confirmed
when applying the tuned resistance-based dry deposition velocity parameterization
described in Chap. 5.4, whose results are discussed in detail in Chap. 10.
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Parallel to the effect of deposition, at least part of the enhancement in
sub-micrometre particles with u∗ could be attributed to an increased aggregate
disintegration. However, while this explanation can hold for regular events, there is no
detectable increase in the proportion of sub-micrometre particles with increasing u∗ in
the haboob events in either direction. In addition, the proportion of sub-micrometre
particles during the haboob events is lower than during regular events although the
former are associated with equivalent or higher u∗ values (Fig. 8.1c and d). This
further favours the prevalence of the fetch-deposition mechanism over any potential
enhanced aggregate disintegration with u∗.

It is indeed quite remarkable that haboob events tend to show a much higher
proportion of super-micrometre particles, especially for Di ∼(1–5) µm, and a lower
proportion of sub-micrometre particles than the regular events for equivalent or higher
u∗ intervals in the normalized number concentration PSDs (Fig. 8.1c and d). In
terms of normalized number diffusive flux PSDs (Fig. 8.5c and d), haboob events
are similar to the regular events for the u∗ interval (0.15–0.2] m s−1, although coarse
and super-coarse dust mass fractions with Di > 3 µm during the haboob events show
much more variability than during the regular events (Fig. 8.6d). To try to explain
these features the formation process of a haboob is revisited. A convective storm or
thunderstorm is formed when there is vertical transport of heat and moisture in the
atmosphere (convection) that produces updrafts. As the convective storm matures,
besides updrafts there are also downdrafts caused by evaporative cooling. When
these downdrafts are very strong and hit the ground in a dust source area, large
amounts of sand and dust are lifted into the air and can spread several kilometres wide
horizontally, producing a wall of dust and strong wind gusts, a phenomenon known
as a “haboob”. Therefore, a haboob is formed from the outflow of a convective storm.
The location where the downdraft of the thunderstorm hits the surface could be seen
as a new beginning of the dust fetch, which would be closer to our experimental
site than the original start (Fig. 9.1). Following the argument given to explain the
differences in PSDs between western and eastern sectors, this shorter “effective” fetch
could at least partially explain the relative reduction in sub-micrometre particles
and the increase in super-micrometre particles. At the same time, despite the
overall increase in the fraction of super-micrometre particles, dry deposition visibly
more strongly affects the fractions of coarse particles (Di > 3 µm) and super-coarse
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particles (Di > 10 µm) in the diffusive flux PSDs during the haboob events than
during the regular events (Figs. 8.5b and 8.6b). This is because the dry deposition
flux scales with the concentration, and during the haboobs the concentration of the
super-micrometre particles is substantially higher (Fig. 6.1f and g). In addition, a
haboob is not a static phenomenon and its gust front, where u∗ and dust emission are
maximized, moves towards and away from our measurement site. Therefore, there
is non-uniformity of u∗ and dust emission across the fetch, which may explain the
higher variability in the haboob PSDs.

Figure 9.1: Schematic representation of the fetch length during (a) regular dust events and (b)
haboobs. The “effective” fetch length during a haboob is shorter and more variable, which could

explain the differences in the PSDs between regular events and haboobs.

Finally, higher air humidity along the haboob outflow and its potential effect
upon the soil bonding forces cannot be discarded. During the haboob events, the
relative humidity at our site increased substantially, from 15–25 % to ∼50 % (Fig.
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6.1b). Although our near-surface soil moisture measurements (2–3 cm deep) (not
shown) did not register any associated increase, it has been argued that wet bonding
forces in the soil surface, which are dominated by adsorption in arid regions, increase
with relative humidity within approximately the observed variation range (Ravi
et al., 2006). This mechanism would be consistent with the smaller proportion
of sub-micrometre particles due to an increased resistance of soil aggregates to
disintegration with increasing relative humidity as suspected in Dupont (2022).
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Chapter 10

Evaluation of the estimated dry
deposition and emitted fluxes

If the deposition process causes the variability observed in the diffusive flux PSD, the
emitted dust PSD should have a higher coarse and super-coarse fraction while showing
less variability than the diffusive flux PSD. To test this hypothesis, I calculated the
emitted dust flux, which required estimating the dry deposition flux (see Eq. 5.21)
for the same 15 min samples used in Figs. 8.5 and 8.6. Fig. 10.1a and b display for
different u∗ intervals the median dry deposition velocities vdep (solid lines) obtained
by applying the parameterizations described in Chap. 5.4 of Fernandes et al. (2019)
(referred to as F19) and Zhang et al. (2001) (referred to as Z01), respectively, for
which field measurements have been used. In both cases vdep increases strongly with
particle size from Di ∼1.5 µm due to gravitational settling. At the same time, vdep

scales with u∗, which is more noticeable in F19 for coarse particles in the size range
2.5 < Di < 10 µm (Fig. 10.1a). In Z01 the scaling of coarse particles with u∗ is much
more subtle than for particles with Di < 2.5 µm (Fig. 10.1b). The stars in purple,
blue, and cyan represent the median observation-based vdep for the first three intervals
of u∗. The two parameterizations predict vdep reasonably well for u∗ < 0.05 m s−1

and Di >∼1 µm but strongly underestimate it for the u∗ intervals (0.05–0.10] m s−1

and (0.10–0.15] m s−1. For instance, for the u∗ interval (0.10–0.15] m s−1 F19 and
Z01 underestimate the observed vdep (cyan star) by a factor of ∼3 for particles with
Di = 17.15 µm. Note that as shown in Fig. 10.2 our observation-based estimates are
broadly consistent with measurements reported by Bergametti et al. (2018) (magenta
points), corresponding to an intense dust deposition event occurred in June 2006 in
Niger.

Given the systematic underestimation of the parameterized vdep applying
F19 and Z01, I updated and tuned Z01 vdep parameterization to best fit the
observation-based estimates as described in Chap. 5.4. Fig. 10.3 shows the sensitivity
of the tuned vdep parameterization to different values of Ain, B1 and dc. The
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Figure 10.1: Median size-resolved dry deposition velocities vdep(m s−1) obtained using field
measurements and applying (a) F19, (b) Z01, and (c) tuned parameterization for different u∗

intervals (solid lines). The stars correspond to the median of the observation-based vdep for the u∗

intervals (0 – 0.05] m s−1 (purple), (0.05 – 0.10] m s−1 (blue), and (0.10 – 0.15] m s−1 (cyan).

Figure 10.2: In situ size-resolved measurements of dry deposition velocity vdep(m s−1) for u∗ between
(a) (0 – 0.05) m s−1, (b) (0.05 – 0.10) m s−1, and (c) (0.10 – 0.15) m s−1 (bar plots). Lines represent the
estimated median vdep applying F19 (dashed), Z01 (solid), and the tuned parameterization (dashdot)
for the corresponding u∗ interval. For the tuned configuration we set B1 = 0.02, dc = 0.0009 m and
Ain = 15. The points in magenta represent the measurements from Bergametti et al. (2018).
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separation between curves for particles with fine, intermediate and coarse diameters
is mostly controlled by the variation in Ain, B1 and dc, respectively. The more
suitable configuration was achieved for B1 = 0.02, dc = 0.0009 m and Ain = 15
(Fig. 10.1c). It is worth noting the low value required for the scaling factor of the
aerodynamic resistance B1.

Figure 10.3: Different configurations of the tuned parameterization for estimating vdep applying
different values of Ain, B1 and dc.

Figures 10.4 and 10.5 represent, respectively, the size-resolved number and mass
dry deposition fluxes calculated in absolute terms as |Fdep(Di)| = vdep(Di)cint for
different u∗ intervals, types of events (regular and haboob events), and wind direction
(Eastern and Western sectors) using the tuned parameterization for vdep (B1 = 0.02,
dc = 0.0009 m and Ain = 15). Analogous plots are obtained using F19 (Figs. D.1
and D.2) and Z01 (Figs. D.3 and D.4). Significant higher values of dry deposition
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fluxes are obtained when using the tuned parameterization, reaching values above
107 # m−2 s−1 in terms of number and 103 µg m−2 s−1 in mass, compared to F19 and
Z01. Also the shape of the curves changes considerably between the different schemes.

Figure 10.4: Average size-resolved number dry deposition flux, d|Fdep.n|/dlnDi (# m−2 s−1),
estimated from the vdep tuned formulation for different u∗ intervals, types of events (regular
or haboob), and wind directions in the range 150–330 ° (a) and 330–150 ° (b). Only the samples
where diffusive flux is positive in all the diameter bins above the anthropogenic mode (as discussed
in Chap. 8.1) have been selected. The number of available 15 min average PSDs in each u∗ interval
are indicated in the legend. Shaded areas around the lines depict the standard error. In (a) and (b)
the dashed dark blue line marks the end of the anthropogenic mode (Di = 0.42 µm). In this case,
the original size resolution of FidasL has been reduced by integrating 4 consecutive bins except for
the last one that contains 3, resulting in 16 bins. The first integrated bin is not represented as the
Fidas is considered efficient from the second one onward.

Figures 10.6 and 10.7 show the estimated size-resolved emitted dust number
and mass fluxes calculated from Eq. 5.21 applying the vdep estimated with the tuned
parameterization. Results from the other two schemes are shown in Appendix D.
The uncertainties (combination of random uncertainty and standard error) are shown
only for the regular events for the sake of clarity. Compared to the diffusive flux,
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Figure 10.5: Average size-resolved mass dry deposition flux, d|Fdep.m|/dlnDi (µg m−2 s−1), estimated
from the vdep tuned formulation for different u∗ intervals, types of events (regular or haboob), and
wind directions in the range 150–330 ° (a) and 330–150 ° (b). Only the samples where diffusive flux
is positive in all the diameter bins above the anthropogenic mode (as discussed in Sect. 8.1) have
been selected. The number of available 15 min average PSDs in each u∗ interval are indicated in
the legend. Shaded areas around the lines depict the standard error. In (a) and (b) the dashed dark
blue line marks the end of the anthropogenic mode (Di = 0.42 µm). In this case, the original size
resolution of FidasL has been reduced by integrating 4 consecutive bins except for the last one that
contains 3, resulting in 16 bins. The first integrated bin is not represented as the Fidas is considered
efficient from the second one onward.

the estimated emitted dust flux shows a higher proportion of particles in all size
bins, but especially significant for coarse and super-coarse particles (Figs. 10.6a
and b versus 8.5a and b). The normalized emitted dust flux PSDs clearly show less
variability as a function of u∗, along with a lower shift towards finer dust and a
lower reduction of super-coarse particles with increasing u∗ (Figs. 10.6c, d, 10.7c and
d), in comparison to the normalized diffusive flux PSDs (Figs. 8.5c, d, 8.6c and d).
These features can be better appreciated by integrating the fractions over four size
ranges in Fig. 10.8, which is analogous to Fig. 8.7 but for the estimated emitted
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flux. The increase in the number fraction for ∼ 0.37 < Di < 1 µm with increasing u∗

(comparison between the u∗ intervals (0.15–0.20] m s−1 and (0.30–0.35] m s−1) during
regular events is reduced by ∼ 41 % and ∼ 28 % for the western and eastern sectors,
respectively, in the estimated emitted dust flux in comparison with the diffusive flux
(Figs. 10.8a and b versus 8.7a and b). However, the remaining difference between u∗

intervals is still statistically significant (p value < 0.05) when individually considering
the two smallest size bins (0.37–0.49 µm and 0.49–0.65 µm) for both wind sectors
(Fig. 8.5c and d). The increase in the mass fraction for ∼ 2.5 < Di < 10 µm and
the decrease for Di > 10 µm with increasing u∗ (comparison between the u∗ intervals
(0.15–0.20] m s−1 and (0.30–0.35] m s−1) during regular events are also both reduced
up to ∼ 13 % and ∼ 18 %, respectively, in the estimated emitted flux (Figs. 10.8c
and d versus 8.7c and d). Despite the much lower decrease in super-coarse particles
with increasing u∗ (Figs. 10.7c and d versus 8.5c and d), the differences between the
u∗ intervals (0.15–0.20] m s−1 and (0.30–0.35] m s−1 are still statistically significant
(p value < 0.05) for both wind sectors considering both the whole mass fraction
Di > 10 µm (Fig. 10.8c and 10.8d) and only the last integrated size bin (Fig. 10.7c
and d). Similar trends are observed for the haboob on 4 September, while those
for the haboob on 6 September seem to be the opposite, consistent with the higher
variability in the haboob PSDs reported in Chap. 8.3.

Table 10.1 shows the mean and standard deviation of the number and mass
percentages for the four size ranges in the diffusive and emitted fluxes during regular
events for each wind sector, calculated from the average values of each u∗ interval
shown in Figs. 8.7 and 10.8. For both wind sectors, the mean number percentage
in the particle size range ∼ 0.37 < Di < 1 µm is reduced by ∼ 9 % in the estimated
emitted flux compared to the diffusive flux, at the expense of both an increase of
∼ 23 % and > 100 % for the size ranges ∼ 2.5 < Di < 10 µm and Di > 10 µm,
respectively. Mean mass percentages are reduced in the emitted flux compared to the
diffusive flux for all size ranges except for Di > 10 µm, where it increases by ∼ 29 %,
for both wind sectors.

The potential importance of dry deposition is clearly depicted in Fig. 10.9,
which displays the size-resolved ratio of the estimated dry deposition flux to the
emitted flux determined using the tuned vdep parameterization. During regular events,
dry deposition is estimated to represent up to ∼80 % of the emission for super-coarse
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Figure 10.6: Average size-resolved number estimated emitted flux, dFemi.n/dlnDi (# m−2 s−1) from
the tuned vdep parameterization, for different u∗ intervals, types of events (regular or haboob),
and wind directions in the range 150–330 ° (a) and 330–150 ° (b). The number of available 15 min
average PSDs in each u∗ interval are indicated in the legend. Only the samples where diffusive
flux is positive in all the diameter bins above the anthropogenic mode (as discussed in Sect. 3.3.1)
have been selected. Panels (c)-(d) are the same as (a)-(b) but normalized (Norm. dFemi.n/dlnDi)
after removing the anthropogenic mode (normalization from 0.37 to 19.11 µm). The insets show the
same data but with logarithmic ordinate axis scaling. Shaded areas around the lines of the regular
event PSDs depict the combination of random uncertainty and standard error. In (a) and (b) the
dashed dark blue line marks the end of the anthropogenic mode (Di = 0.42 µm). In this case, the
original size resolution of FidasL has been reduced by integrating 4 consecutive bins except for the
last one that contains 3, resulting in 16 bins. The first integrated bin is not represented as Fidas is
considered efficient from the second one onward. Results are shown only for well-developed erosion
conditions (u∗ > 0.15 m s−1).
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Figure 10.7: Average size-resolved mass estimated emitted flux, dFemi.m/dlnDi (µg m−2 s−1), for
different u∗ intervals, types of events (regular or haboob), and wind directions in the range 150–330 °
(a) and 330–150 ° (b). The number of available 15 min average PSDs in each u∗ class are indicated
in the legend. Only the samples where diffusive flux is positive in all the diameter bins above
the anthropogenic mode (as discussed in Sect. 8.1) have been selected. Panels (c)-(d) are the
same as (a)-(b) but normalized (Norm. dFemi.m/dlnDi) after removing the anthropogenic mode
(normalization from 0.37 to 19.11 µm). The insets show the same data but with logarithmic ordinate
axis scaling. Shaded areas around the lines of the regular event PSDs illustrate the combination of
random uncertainty and standard error. In (a) and (b) the dashed dark blue line marks the end of
the anthropogenic mode (Di= 0.42 µm). In this case, the original size resolution of FidasL has been
reduced by integrating 4 consecutive bins except for the last one that contains 3, resulting in 16
bins. The first integrated bin is not represented as Fidas is considered efficient from the second one
onward. Results are shown only for well-developed erosion conditions (u∗ > 0.15 m s−1).
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particles, between 55 and 60 % for particles with Di ∼ 10 µm, and between 30 and
45 % for particles with Di ∼ 5 µm. During the haboob events these fractions are
generally higher and more variable under similar u∗ intervals, reaching up to ∼90 % for
super-coarse particles, up to 80 % for particles with Di ∼ 10 µm, and between 50 and
65 % for particles with Di ∼ 5 µm. Results obtained using the vdep parameterizations
F19 and Z01 are shown in Appendix F. In these cases much lower ratios are obtained.

Table 10.1: Mean and standard deviation (SD) of the number and mass percentages for the four size
ranges in the diffusive and emitted fluxes during regular events for each wind sector, calculated from
the average values of each u∗ interval shown in Figs. 8.7 and 10.8. The average of each u∗ interval
contributes equally to the mean, and the standard deviation is a measure of the variability across u∗

interval averages. For the estimated emitted flux we used the vdep from the tuned parameterization.

Mean ± SD
0.37<D<1µm

Mean ± SD
1<D<2.5µm

Mean ± SD
2.5<D<10µm

Mean ± SD
D>10µm

Western wind direction sector

Nb.
%

Diffusive
flux

51.17 ± 3.77 31.22 ± 2.06 17.09 ± 1.59 0.52 ± 0.17

Emitted
flux

46.61 ± 2.45 31.42 ± 1.44 20.92 ± 0.89 1.05 ± 0.23

Mass
%

Diffusive
flux

0.52 ± 0.12 4.95 ± 0.62 61.52 ± 6.34 33.01 ± 7.07

Emitted
flux

0.29 ± 0.05 3.10 ± 0.28 54.07 ± 5.12 42.54 ± 5.42

Eastern wind direction sector

Nb.
%

Diffusive
flux

47.89 ± 3.68 33.63 ± 1.60 17.98 ± 1.96 0.50 ± 0.13

Emitted
flux

43.40 ± 2.64 33.46 ± 1.21 22.06 ± 1.30 1.08 ± 0.17

Mass
%

Diffusive
flux

0.52 ± 0.12 5.43 ± 0.69 60.36 ± 3.91 33.69 ± 4.69

Emitted
flux

0.28 ± 0.04 3.25 ± 0.24 53.03 ± 3.28 43.45 ± 3.55
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Figure 10.8: Number and mass emitted flux fractions for different u∗ intervals, types of events
(regular or haboob), and wind directions in the range 150–330 ° (a-c) and 330–150°(b-d)

Figure 10.9: Ratio of dry deposition flux to the estimated emitted dust flux, determined using the
vdep tuned parameterization, for different u∗ intervals, types of events (regular or haboob), and
wind directions in the range 150–330 ° (a) and 330–150°(b)
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Chapter 11

Comparison with Brittle
Fragmentation Theory

In this chapter, wind direction differences are sidestepped and the obtained normalized
concentration, diffusive flux, and estimated emitted flux PSDs are compared with
the emitted PSDs formulated in Kok (2011a) (Fig. 11.1) and Meng et al. (2022) (Fig.
11.2), both based on BFT. The former depends on the fully dispersed PSD and the
latter on both the fully dispersed and aggregated soil PSDs. Here, our comparison
focuses on the simplified parameterization proposed for modelling, which assumes
a constant soil PSD and thus an invariant emitted PSD given the lack of spatially
resolved soil PSDs.

For the sake of clarity, in Figs. 11.1 and 11.2 only two haboob PSDs are
represented, corresponding to the two highest values of u∗ reached during the haboob
events. While our number concentration PSD is close to the PSD derived from
the Kok (2011a) parameterization (dashed pink line), particularly during regular
events, our measurements show a substantially higher proportion of super-micrometre
particles in the diffusive flux and the estimated emitted flux PSDs (Fig. 11.1a, c
and e). In terms of mass, the super-coarse fraction is much higher in our PSDs (Fig.
11.1b, d and f), especially in the estimated emitted flux. Consequently, the fine and
coarse mass fractions are smaller in our measurements.

While the measured PSDs shown in Fig. 11.1 assume that dust particles
are PSL latex spheres with a refractive index of 1.59+0i, results shown in Fig.
11.2 consider a more realistic representation of the shape and composition of the
measured dust particles, i.e. it assumes tri-axial ellipsoids and a refractive index of
1.49+0.0015i. Furthermore, these transformed PSDs are compared with the updated
BFT parameterization (Meng et al., 2022) (dashed blue line), which accounts for
super-coarse dust and is constrained with measured PSDs harmonized to geometric
diameters assuming dust is a tri-axial ellipsoid (Huang et al., 2021). The proportion of
particles with Di ∼ (0.5−2) µm and Di >∼ 14 µm is higher and that of particles with
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Figure 11.1: Averaged normalized PSDs considering PSL latex spheres with a refractive index of
1.59 + 0i removing the anthropogenic mode (normalization from 0.37 to 19.11 µm) for well-developed
erosion conditions during regular events and for two PSDs during haboob events for FidasL (a-b), for
diffusive flux (c-d), and for estimated emitted flux using the vdep from the tuned parameterization
(e-f). Panels (a,c,e) show PSDs in terms of number, and panels (b,d,f) show PSDs in terms of mass.
The insets show the same data, but the scale of the ordinate is linear. Dashed pink lines represent
the invariant Kok (2011a) size distribution. The original size resolution of FidasL has been reduced
by integrating 4 consecutive bins, except for the last one that contains 3, resulting in 16 bins. The
first integrated bin is not represented as Fidas is considered efficient from the second one onward.
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Figure 11.2: Averaged normalized PSDs considering tri-axial ellipsoids of 1.49 + 0.0015i removing
the anthropogenic mode (normalization from 0.37 to 19.11 µm) for well-developed erosion conditions
during regular events, and for two PSDs during haboob events for FidasL (a-b), for diffusive flux
(c-d) and for estimated emitted flux using the vdep from the tuned parameterization (e-f). Panels
(a,c,e) show PSDs in terms of number, and panels (b,d,f) show PSDs in terms of mass. The insets
show the same data, but the scale of the ordinate is linear. Dashed pink lines represent the invariant
Kok (2011a) size distribution. Dashed blue lines represent Meng et al. (2022) data. The original size
resolution of FidasL has been reduced by integrating 4 consecutive bins, except for the last one that
contains 3, resulting in 16 bins. The first integrated bin is not represented as Fidas is considered
efficient from the second one onward.
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Di <∼ 0.5 µm and with Di ∼ (2 − 14) µm is lower in the updated parameterization
than in the original one (blue versus pink dashed lines in Fig. 11.2a, c and e). In
terms of mass, the proportion of particles with Di <∼ 3 µm and Di >∼ 12.5 µm
is higher and that of particles with Di ∼ (3 − 12.5) µm is lower in the updated
parameterization than in the original one (dashed blue versus dashed pink lines in
Fig. 11.2b, d and f).

Our converted PSDs show substantial differences with respect to the Meng
et al. (2022) parameterization. Firstly, our number concentration (Fig. 11.2a),
diffusive flux (Fig. 11.2c) and estimated emitted PSDs (Fig. 11.2e) have a higher
proportion of particles with Di <∼ 0.8 µm. Conversely, our PSDs show a lower
proportion of particles with Di ∼ (0.8 − 2) µm and a higher proportion of particles
with Di >∼ 2 µm. The latter is more pronounced in the case of the diffusive flux
PSD, and especially in the estimated emitted PSD. Secondly, the mass concentration
PSD (Fig. 11.2b) show from relatively similar to lower fractions of particles with
Di <∼ 2.5 µm. The lower fractions are particularly noticeable in the range of particles
with Di ∼ (0.8 − 2.5) µm. Conversely, the fractions are relatively similar to higher
for particles with ∼ 2.5 < Di < 12 µm. Furthermore, depending on the type of
event and u∗, there is a higher or lower fraction of dust particles with Di >∼ 12 µm.
Thirdly, the mass diffusive and estimated emitted flux PSDs (Fig. 11.2d, and f,
respectively) display a similar pattern to the mass concentration PSD (Fig. 11.2b).
However, they exhibit higher fractions of coarse dust (with Di >∼ (6 − 8) µm) and
generally super-coarse dust. Additionally, they show lower fractions of dust with
Di <∼ (6 − 8) µm, and a substantial reduction in the range Di ∼ (0.8 − 2.5) µm,
especially in the estimated emitted flux PSD.

Table 11.1 is analogous to Table 10.1 but considering tri-axial ellipsoids. The
trends in the mean number and mass fractions of the diffusive and estimated emitted
fluxes are similar to those described when using the original diameters in Chap. 10.
However, the mean number fractions for ∼ 0.37 < Di < 1 µm are ∼ 22 − 24 % and
∼ 25 − 27 % higher for the diffusive and the estimated emitted flux, respectively, than
when assuming PSL latex spheres. At the same time, the mean number fractions
∼ 2.5 < Di < 10 µm are ∼ 41 − 43 % and ∼ 38 − 40 % lower for the diffusive and the
estimated emitted flux, respectively. In terms of mass, the most remarkable when
considering tri-axial ellipsoids is the increase of ∼ 31 − 33 % and ∼ 28 − 29 % in the
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fraction Di > 10 µm of the diffusive and estimated emitted flux, respectively.

Table 11.1: Mean and standard deviation (SD) of the number and mass percentages for the four
size ranges in the diffusive and emitted fluxes during regular events for each wind sector, assuming
tri-axial ellipsoids. The average of each u∗ interval contributes equally to the mean, and the standard
deviation is a measure of the variability across u∗ interval averages. For the estimated emitted flux
we used the vdep from the tuned parameterization.

Mean ± SD
0.37<D<1µm

Mean ± SD
1<D<2.5µm

Mean ± SD
2.5<D<10µm

Mean ± SD
D>10µm

Western wind direction sector

Nb.
%

Diffusive
flux

62.18 ± 3.16 27.17 ± 2.07 10.13 ± 0.94 0.52 ± 0.17

Emitted
flux

58.16 ± 2.18 27.88 ± 1.48 12.88 ± 0.52 1.08 ± 0.23

Mass
%

Diffusive
flux

0.57 ± 0.14 6.11 ± 0.97 50.15 ± 7.24 43.18 ± 8.33

Emitted
flux

0.30 ± 0.05 3.72 ± 0.43 41.43 ± 5.27 54.56 ± 5.74

Eastern wind direction sector

Nb.
%

Diffusive
flux

59.32 ± 3.52 29.86 ± 2.20 10.33 ± 1.22 0.50 ± 0.13

Emitted
flux

55.24 ± 2.67 30.32 ± 1.75 13.32 ± 0.80 1.12 ± 0.17

Mass
%

Diffusive
flux

0.56 ± 0.14 6.65 ± 0.91 48.19 ± 4.50 44.59 ± 5.52

Emitted
flux

0.29 ± 0.04 3.88 ± 0.35 39.94 ± 3.46 55.90 ± 3.84
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Chapter 12

Conclusions and future
perspectives

Atmospheric mineral dust, consisting of tiny mineral particles that are mainly
produced by the wind erosion of arid and semi-arid areas, is a key component
of the Earth System, and its emitted PSD partly determines its lifetime and global
contribution. However, currently there is still an incomplete understanding of the
physics of dust emission and the representation and variability of the dust PSD
at emission. This knowledge gap is partly due to scarce and incomplete global
measurements, leading to contradictory findings. These discrepancies have contributed
to the development of different theoretical frameworks. This thesis aims to advance
our fundamental and quantitative understanding of the emitted dust PSD and
its variability based on the analysis and interpretation of intensive measurements
performed during the FRAGMENT field campaign in the Moroccan Sahara in
September 2019. In particular, the measurements were conducted in an ephemeral
lake, whose surface consisted of paved sediments, located in the Lower Drâa Valley of
Morocco surrounded by small sand dune fields.

The main outcomes obtained in each chapter of this thesis are outlined in Sect.
12.1, while the subsequent Sect. 12.2 discusses potential future research based on
these findings.

12.1. Conclusions

Chapter 6 reveals that saltation and dust emission occurred regularly at our
measurement site, generally following the diurnal cycles of surface winds associated
to solar heating, and mostly under near-neutral atmospheric stability conditions. In
addition to these “regular events”, two “haboob events” were also identified. During
the campaign, dust events occurred under two prevailing wind directions, one centred
around 80 ° (more aligned with M’hamid El Ghizlane, the closest town) and the other

137



Chapter 12. Conclusions and future perspectives

one around 240 ° (from the Saharan desert).

Chapter 7 highlights that our site was characterized by relatively low
sandblasting efficiencies in comparison to some previous studies, probably attributed
to the paved sediment surface of the ephemeral lake. Nevertheless, despite the low
sandblasting efficiencies, diffusive and saltation fluxes were relatively high due to
frequent and intense saltation. Furthermore, sandblasting efficiency was found to
decrease with increasing saltation flux and u∗. This feature is partly attributed to
the observed reduction in the mass fraction of super-coarse particles in the diffusive
flux with increasing u∗.

Chapter 8 evidences the presence of anthropogenic particles with diameters
<0.4 µm, which are subsequently excluded before conducting a thorough analysis
of the dust PSD variability. This analysis shows differences between concentration
and diffusive flux PSDs and reveals robust dependencies of these PSDs in terms
of number and mass, upon u∗, wind direction, and type of event (regular versus
haboob). Additionally, differences in the PSDs between regular and haboob events
are identified.

Chapters 9 and 10 are closely related. They shed light on the potential major
role of dry deposition in shaping the concentration and diffusive flux PSD variations,
modulated by the wind-direction-dependent fetch length, and u∗. The results of this
thesis support the hypothesis that the shift towards a finer diffusive flux PSD with
increasing u∗ is to a large extent due to an increase in the dry deposition flux of coarse
and super-coarse dust with u∗. To my knowledge, this is the first time that the effect
of dry deposition upon the diffusive fluxes is identified experimentally, supporting
results from numerical simulations in recent studies (Dupont et al., 2015; Fernandes
et al., 2019). The influence of dry deposition can invalidate the common assumption
that the diffusive flux PSD is equivalent to the emitted dust PSD, particularly
when including the super-coarse size range, and has consequences for the evaluation
of dust emission schemes and their implementation in dust transport models. In
Chap. 10 the emitted dust flux is estimated based on the diffusive flux and an
estimated dry deposition flux. The findings indicate that the emitted dust PSD
is coarser and its variability is smaller than that of the diffusive flux PSD. The
estimation of the emitted flux must be taken with caution as in the absence of
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observation-based dry deposition velocities for all u∗ conditions, a resistance-based
parameterization tuned with observation-based dry deposition velocities below the
threshold of dust emission had to be used. Furthermore, given the large uncertainties
associated with resistance-based parameterizations it cannot be discarded that our
tuned parameterization partly overestimates the dry deposition velocity, thereby
indirectly accounting for sampling inefficiencies of the inlet, which may affect coarse
and super-coarse particles for high wind velocities. Although the Sigma-2 inlet has
been designed to be efficient for coarse particles, its sensitivity upon u∗ is currently
ignored. Theoretically quantifying the efficiency of the Sigma-2 inlet is difficult due
to its relatively complex geometry. In our location, dry deposition was estimated
to represent an important portion of dust emission, up to ∼90 % for super-coarse
particles, up to 80 % for 10 µm particles, and up to 65 % for particles as small as
5 µm in diameter during the haboob events. This shows that dry deposition needs to
be properly accounted for, even in studies limited to the fine and coarse size ranges.
The results of this thesis further imply that at least part of the variability among
the diffusive flux PSDs obtained in different locations and that are used to constrain
emitted dust PSD theories (e.g. Meng et al., 2022) may be due to the effect of dry
deposition modulated by differences in fetch length and u∗ regime.

While the reduction in super-micrometre particles with u∗ was mainly attributed
to the effect of dry deposition, it cannot be fully discarded that enhanced aggregate
disintegration (Alfaro et al., 1997; Shao, 2001) plays an additional role in enhancing
the sub-micrometre number fraction, although in the case of the haboob events
there was no detectable increase in the proportion of sub-micrometre particles with
increasing u∗. The clear differences observed in Chap. 8 between the haboob PSDs
and the regular PSDs, notably a lower proportion of sub-micron particles for equivalent
or higher u∗ intervals, could be explained by a shorter “effective” fetch associated
to the haboob. Also, it is observed that during the haboobs, there is an increase
in both dry deposition and the variability in the coarse and super-coarse dust mass
fractions with diameters > 3 µm. This feature could be related to the effect of the
moving haboob dust front, where u∗ and dust emission are maximized, around our
measurement site (which is equivalent to a variable fetch). This explanation is largely
hypothetical and remains to be verified with targeted numerical experiments. An
alternative mechanism consistent with the smaller proportion of sub-micrometre
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particles would be an increased resistance of soil aggregates to fragmentation with
the observed increase in relative humidity along the haboob outflow.

In Chapter 11 our PSDs are compared with the invariant PSDs derived from
the parameterization of Kok (2011a), based on BFT, and the recently updated
scheme that accounts for super-coarse dust emission and uses measurements
harmonized in terms of geometric diameter (Meng et al., 2022). A substantially
higher proportion of super-micrometre particles is obtained in the diffusive and in
particular in the estimated emitted flux PSDs in comparison with the Kok (2011a)
PSDs. The comparison with the Meng et al. (2022) parameterization is performed
after transforming the standard optical diameter PSDs into geometric diameter
PSDs, where a more realistic index of refraction and shape of the dust particles are
accounted. Despite the inclusion of super-coarse dust in the updated BFT, our PSDs
show a higher proportion of particles above ∼2 µm and a higher mass fraction of
super-coarse particles both in the diffusive flux and estimated emitted PSDs. It is
important to emphasize that this diameter transformation can be very sensitive to
shape, refractive index, and wavelength (or spectrum) of the light beam. However, a
detailed analysis of this sensitivity was beyond the scope of this thesis.

12.2. Future work

The work presented in this PhD thesis should serve as a starting point for coming
studies aimed at better understanding the variability of dust PSD at emission. In
particular, the following ideas could be implemented.

• Although this PhD thesis has focused on the variability of the PSD with u∗,
wind direction, and type of event (regular vs haboob), it would be worthy also
to make an exhaustive analysis of the variability of our PSDs with atmospheric
stability, which has been questioned in recent years.

• Furtheremore, in this PhD thesis I opted to use the u∗ calculated from the
law-of-the-wall method instead of the u∗ derived from the eddy covariance
method, due to gaps in our 3-D sonic measurements during the haboob events.
Although preliminary results of u∗ using both methods were largely in agreement
(see Appendix B), it could be valuable to examine the impact of these methods
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on the variability of both concentration and diffusive flux. Furthermore, it could
be also explored the effect of this method on the resulting diffusive flux PSD.

• In this study simple correlations between our bulk measured saltation and
diffusive fluxes with u∗ have been calculated. However, it would be very
valuable to make a detailed comparison of our measured saltation, diffusive
and emitted fluxes against current parameterizations in the literature, and
eventually extend them.

• Furthermore, our PSDs have been compared with the average emitted dust
PSD based on Brittle Fragmentation (BFT) that is currently proposed and
used in many models. This parameterization assumes an average fully-dispersed
soil PSD due to the lack of reliable gridded fully-dispersed PSDs of the soil.
However, during the campaign the fully-dispersed soil PSD was also measured.
Hence, future studies may attempt at evaluating BFT using the specific fully
dispersed and aggregated soil PSDs measured in our location.

• As we mentioned in Chap. 5.3.2 our OPCs were equipped with a Sigma-2
sampling head that has been designed to be efficient for coarse particles, and it is
expected to be largely insensitive to wind intensity as it ensures a wind-sheltered,
low-turbulence air volume inside the sampler. However, it is not known to
what extent the transmission efficiency may decrease with friction velocity
and particle size. This is clearly a potential problem for most inlets and most
previous field campaigns. It is not an easy task to quantify the efficiency of this
inlet to friction velocity. Experimentally it is difficult, probably only possible in
the laboratory under controlled conditions, and theoretically, it is not possible
to infer it due to its relatively complex geometry. We have more recently
performed a dust field campaign in Iceland using this inlet in parallel with
another directional inlet (which is easier to model) and their comparison may
provide some insights into this issue in the future.

• This thesis has focused on the study of the size-resolved emitted dust without
including the mineralogy. However, during the analyzed field campaign,
unprecedentedly detailed size-resolved mineralogical, chemical and mixing state
analysis of the soil and emitted dust sampled were also performed. It would be
very valuable to combine all these results in order to understand and constrain
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the evolution of each mineral’s PSD from the parent soil to the atmosphere.

• As mentioned in Chap. 4 this thesis has been conducted within the ERC
FRAGMENT project which has carried out two more intense field campaigns
in Iceland and Jordan, and a soil campaign in the USA. Therefore, the findings
of this thesis are expected to be highly valuable for future comparisons with
the results obtained in the other campaigns.
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Appendix A

Analysis of correction for heavy
particles

In Chap. 5.3.5 it was said that for this thesis it had been assumed that trajectory
crossing effects (Csanady, 1963; Shao et al., 2011a) were negligible for particle
diameters smaller than 20 µm, implying that Km=Kd and Φm = Φd. However, the
validity of this assumption may be questionable for coarse particles.

To address this concern, I estimated the correction for heavy particles used in
Shao et al. (2011a), which represents the change in the turbulent diffusivity due to
the trajectory crossing effect.

The correction term for heavy particles, Chp, that would multiply Eq. 5.11 is
given by Eq. A.1.

Chp =
(

1 +
β2v2

g

σ2
w

)−1/2

(A.1)

where β is a dimensionless coefficient relating the fluid Lagrangian integral time
scale, the integral length scale of the Eulerian fluid velocity field and the standard
deviation of the turbulent velocity. In Csanady (1963), it is said that β is very close
to 1, so here it is assumed β=1. The settling velocity vg(Di) is calculated for each
size bin as vg(Di) = CcσpagD

2
i /(18ν) where Cc is the Cunningham slip correction

factor, ν = 1.45 · 10−5 m2 s−1 is the air kinematic viscosity, g = 9.81 m s−2 is the
gravitational acceleration, Di is the mean logarithmic diameter in bin number i, and
σpa = (ρd − ρair)/ρair is the particle-to-air density ratio. The unbiased variance of
turbulent velocity σw is calculated from the w component of the 3-D sonic anemometer
placed at 1 m. Figure A.1 shows the mean correction term for heavy particles per size
bin only considering the periods where diffusive flux was positive in all the diameter
bins above the anthropogenic mode. From the graph, it can be inferred that this
correction is relatively small. Consequently, it was decided not to account for it in
the analysis.
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Figure A.1: Mean correction factor for heavy particles per size bin. Only the samples where diffusive
flux is positive in all the diameter bins above the anthropogenic mode have been used. Error bars
represent the standard deviation.
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Appendix B

Friction velocity from the Eddy
Covariance method

Although in this thesis the analysis of the PSD variability with u∗ has been performed
with the u∗ calculated through the FG method. For verification purposes I also
estimated u∗ from the 3-D sonic anemometers using the EC method (Foken et al.,
2011; Dupont et al., 2018) at 1 m and 3 m, and later I extrapolated it to the surface.
Figure B.1 illustrates that our preliminary results of u∗ from the eddy covariance
were largely in agreement. Ultimately, we opted to use the u∗ calculated from the
FG method, due to gaps in our 3-D sonic measurements during the haboob events.
In the future it would be worthy to examine the sensitivity of the results presented
in this thesis to the calculation method of u∗.

Figure B.1: Time series of u∗ calculated from the law of the FG method (blue line) and EC method
at 1 m (magenta line), 3 m (grey line) and extrapolated to the surface (orange line).
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Appendix C

Additional figures related to the
diffusive flux PSDs

Figures C.1 and C.2 show the same plots as Figs. 8.5 and 8.6 but including the
uncertainties for each u∗ range only for the haboob events. Additionally, the diffusive
flux PSDs with uncertainties accounting only for standard errors are provided in Figs.
C.3 and C.4. As the standard error depends inversely on the number of samples,
those cases in which there is only a sample do not show any shaded areas.
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Figure C.1: Analogous to Fig. 8.5 but with shaded areas around the lines of the haboob event
PSDs depicting the combination of random uncertainty and standard error.
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Figure C.2: Analogous to Fig. 8.6 but with shaded areas around the lines of the haboob event
PSDs depicting the combination of random uncertainty and standard error.
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Figure C.3: Analogous to Fig. C.3 but with shaded areas around the lines depicting the standard
error.
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Figure C.4: Analogous to Fig. C.4 but with shaded areas around the lines depicting the standard
error.
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Appendix D

Additional figures related to the
dry deposition fluxes

Chapter 10 presents the size-resolved number and mass dry deposition fluxes calculated
using the vdep tuned parameterization (Figs. 10.4 and 10.5). Here analogous plots
obtained using F19 (Figs. D.1 and D.2) and Z01 (Figs. D.3 and D.4) are included.

Figure D.1: Analogous to Fig. 10.4 but with vdep estimated from F19.
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Figure D.2: Analogous to Fig. 10.5 but with vdep estimated from F19.

Figure D.3: Analogous to Fig. 10.4 but with vdep estimated from Z01.
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Figure D.4: Analogous to Fig. 10.5 but with vdep estimated from Z01.
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Appendix E

Additional figures related to the
estimated emitted flux PSDs

Chapter 10 presents the estimated size-resolved number and mass emitted fluxes
calculated using the vdep tuned parameterization (Figs. 10.6 and 10.7). Here analogous
plots obtained using F19 (Figs. D.1 and D.2) and Z01 (Figs. D.3 and D.4) are included.
The uncertainties (combination of random uncertainty and standard error) are shown
only for the regular events for the sake of clarity. The increase of particles in the
estimated emitted flux compared to the diffusive flux is very subtle, almost unnoticed
in logarithmic scale, when applying F19 (Figs. E.1a, b, E.2a and b) and Z01 (Figs.
E.3a, b, E.4a and b), in agreement with the smaller dry deposition fluxes (see
Appendix D).
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Figure E.1: Analogous to Fig. 10.6 but with vdep estimated from F19.

162



Figure E.2: Analogous to Fig. 10.7 but with vdep estimated from F19.
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Figure E.3: Analogous to Fig. 10.6 but with vdep estimated from Z01.
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Figure E.4: Analogous to Fig. 10.7 but with vdep estimated from Z01.
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Appendix F

Additional figures related to the
ratio of dry deposition flux to the

estimated emitted flux
Chapter 10 presents the size-resolved ratio of dry deposition flux, calculated using
the vdep tuned parameterization, to the estimated emitted flux (Fig. 10.9). Here
analogous plots obtained using F19 (Fig. F.1) and Z01 (Fig. F.2) are included.

Figure F.1: Analogous to Fig. 10.9 but with vdep estimated from F19.
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estimated emitted flux

Figure F.2: Analogous to Fig. 10.9 but with vdep estimated from Z01.
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